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Abstract
A new class o f specifically shaped, highly branched molecules was prepaied 
where the branches emanate from tetrahedral carbons. This class o f molecules has 
been named arborols because of their topological sim ilarity to the "Leeuwenberg" 
model for tropical trees. The arborols were synthesized a layer (or tier) at a time to 
generate cascade spheres, where the number of terminal groups per sphere increases 
exponentially. In itia lly, molecules possessing a single cascade sphere attached to 
simple hydrocarbon chains were prepared to develop synthetic methods and provide 
proof-of-concept.
Several series o f dumbbell shaped, two-directional arborols were prepared, where 
two cascade spheres are connected via a hydrocarbon backbone of varying length (3 
to 13 carbons). The molecules were named [m]-n-[m] arborols, where m denotes the 
number o f terminal hydroxyl moieties, and n denotes the length of the hydiocaibon 
backbone. Some o f these arborols (m = 6: 8 < n < 13; m = 9: 10 < n < 13) formed 
aqueous gels at concentrations of ca. 0.3 - 10%. Gel formation was determined to be 
a function of cascade sphere size and chain length.
The generalized cascade sphere synthesis was applied to benzyl halides. A three- 
directional arborol possessing a central benzene core was prepared. The three 
symmetrically placed spheres formed a triad, which was readily visualized via 
transmission electron microscopy; their aggregation properties of aqueous solutions 
were studied by dynamic light scattering. The synthetic procedure was then used to 
modify commercially available poly(vinylbenzyl chloride) to demonstrate the potential 
for polymer modification.
xvr
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Triethyl methanetricarboxylate was utilized as a malonate equivalent to permit the 
preparation of a series of Ws(thioether) tetradentate ligands, which would be difficult 
to prepare by other means. Preliminary attempts to prepare the cyclometalated Pd(II) 
complexes of these new ligands failed.
The synthesis and X-ray crystal structure analysis o f a cyclometalated Rh(III) 
complex o f methyl 3-(2-pyridyl)-2-carbomethoxypropanoate revealed the presence of 
a metal-carbonyl oxygen bond. Variable temperature NMR specua indicated the 
presence o f an equilibrium process where an ester carbonyl from one ligand displaces 
the coordinated ester carbonyl o f the other ligand.
xv ii
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Chapter 1. A Review of the Chemistry of Methanetricar­
boxylic Esters.^
Introduction
Methanetricarboxylic esters 1 were first reported by Conrad et al. over a century 
ago/ but were not successfully used synthetically until 1911/ Since that time, these 
triesters have found many synthetic uses as a complement to the malonic ester 
synthesis. Methanetricaihoxylic esters have been patented for use as gasoline 
additives,^ in the production of polyesters,'*’® as photolytic stabilizers for 
polypropylene,*® and in the synthesis o f pesticides.’  It is the purpose of this Review 
to point out the uniqueness of these triesters and to emphasize their advantages in 
certain synthetic procedures.
Synthesis
From Malonic Esters
Methanetricarboxylic esters have generally been synthesized from malonic esters 
via formation of a metal salt followed by the addition o f an alkyl chloro- 
formate.®'*^ Table I delineates the results obtained for various malonic esters with 
alkyl chloroformâtes. Apparently the yields o f 1, when ethyl or phenyl esters are 
involved, are dependent upon the judicious choice o f the metal ion; magnesium is 
generally superior to sodium.*^ For example when sodium in toluene was used, only 
very little  lo  was obtained while lo  was generated in 80% yield with the magnesium 
salt.
CO2R' COgR' COgR*
M*-CH — COgR ^  HC-CGoR*^   vn ■ no""VrfU2i
\o2R ' \o 2 R ' ^  ^C02R
I
 ^ Newkome, G. R.; Baker, G. R. Org. Prep. Proc. Int. 1986, 18, 119.
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Table I. Synthesis o f Methanetricarboxylic Esters 1."
Product Method' Yield (%)
bp (“CJ/mm 
or mp [°C]
la Me Me (A) toluene 59 46-47
la Me Me [A] xylene 39" 43-45
la Me Me IB] 30" 45-46
1b Me Et [B| C 138-139/12
lo Et Me [A] toluene 65'' 140-142/12
Id Et Et IC] 90" 135-138/12
id Et Et [Cl 80 135-137/12
1e n-Pr n-Pr (B1 44 160-161/10
i f hPr Me (A) toluene 40 106.5-107/2
ig hPr hPr [A] toluene 40 139-140/9-10
1h n-Bu n-Bu [A] toluene 55 181-183/11
i i /■Bu ABu [A] toluene 46 143/2
1j s-Bu s-Bu (A) toluene 42 139/2.5
Ik n-CgHn n-CjHi^ [A) toluene 53 173-174/2
11 3-C5H11 3-CgH,, [A] toluene 52 145-146/2
1m n-CjoHgi n-CioHgi [A] xylene — 208-210/0.0015
In />CgHi, n-CgHii [A] xylene — 163-164/0.0004
to
CD■D
OQ.
C
gQ.
"D
CD
C/)W
o'3
O
3
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Table I. Synthesis o f Methanetiicarboxylic Esters 1° (continued).
3
3"
CD
CD■D
OQ.C
a
o
3
■D
O
CDQ.
■D
CD
C / )
C / )
Product r ’ R^ Method' Yield (%)
bp [°C]/mm 
or mp (“Cj
lo Ph Ph [C] 70 79.5-80
Ip Ph P-CH3C3H, ic i 61 110
1q P-CH3C6H4 Ph IC) 27 109-110
ir P-CH3C6H4 p-CHaCgH^ (Cl 42 109-110.5
 ^Reference 8, except as otherwise noted. ^ Reference 9. Reference 10. Reference 11. ® Reference 12. ' General Procedures. [A] The 
appropriate malonate (0.57 mol) was added to a stirred suspension of sodium (0.56 mol) in an aromatic hydrocarbon solvent (400 m l). After the 
evolution of hydrogen subsided, the reaction was cooled to ca. 60 °C and the chloroformate (0.60 mol) was slowly introduced. After refluxing 
(3-7 h), the mixture was cooled, washed several times with water, and dried. The solvent was removed in vacuo to give the crude 
methanetricarboxylate. [B] The malonate (0.55 mol) was slowly added to sodium (0.50 mol) in anhydrous ether (350 m l). Anhydrous benzene 
(350 m l) was added to form a suspension of the sodium salt; the chloroformate was added slowly and the reaction was then refluxed (3-5 h). 
Upon cooling, the mixture was washed with dilute hydrochloric or sulfuric acid, then with water, dried, and concentrated in vacuo. [C] To a mixture 
of magnesium turnings (1.03 mol), absolute ethanol (25 m l), and carbon tetrachloride (1 m l), a solution of the malonate (1.00 mol) in ethanol 
(80 m l) was added. The mixture was gently warmed until hydrogen evolution began; when the evolution of hydrogen was moderate, the remainder 
of the malonate solution was slowly added. After the initial reaction subsided, the flask was cooled and ether (300 m l) was added; further heating 
completed the formation of the magnesium salt. The chloroformate (1.05 mol) in dry ether (100 m l) was carefully added, then the mixture was 
refluxed for 15 min. Upon cooling, dilute acetic acid was added and the ethereal layer was washed with water, dried, and the solvent removed.
Dialkyl carbonates have been used instead of alkyl chloroformâtes; however,
tiia lky l methanetricarboxylates were obtained only when the carbonate seiwed as the
reaction medium to suppress the reverse reaction.®’* '^*'’ Ester Id was isolated in 10%
COoR' 0 COoR'
/  .  II .  R^ONo /
HoC +  R^OCOR*---- ----------  ■ HC — COpR' +  R*OH
\  \  %
CO2R' CO2R®
_L
yield by the reaction o f the anion o f either diethyl malonate or ethyl acetate with 
diethyl carbonate. The reversibility o f these reactions permitted selective
COpEt
^  ^ , I Mg(OEt)p /  I. EtONa
- 2 . COtOE.I,
C02E1 
Id (10%)
monodecarbalkoxylation of the tricarboxylic esters, which allowed the use o f the 
carbalkoxy moiety as a blocking group in a malonic ester synthesis.'^  Because of 
the ease o f hydrolysis o f fm -butyl esters, Rapoport and coworkers synthesized Is 
from te/t-butyl ethyl malonate;^^ after conversion to the sodium salt and alkylation, 
the ferf-butoxycarbonyl moiety was easily removed by either 100% formic or 
trifluoroacetic acid. Alkylations and decarboxylations w ill be discussed in detail in 
later Sections.
1. NoH, THF ^ C 02E t
H2 C  ^  H C — CO2 E*
\ o 2i-B» ''cOai-Bü
U. ( 60%)
Miscellaneous Procedures
Under alkaline conditions, trifluoromethyl groups with an adjacent hydrogen were 
converted to carboxylic acids or esters;"^ thus repeated hydrolysis o f 2-
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monohydroperfluoroisobutane by ûiethylamine and methanol gave la.*^ Although this 
reaction was not synthetically useful, it is interesting that no reaction occuned in the 
presence o f triethylamine alone, whereas triethylammonium fluoride and peifluoro- 
isobutene produced the monohydropeifluoroisobutane.
(EtljNHF (EtljN
CF,C = CFn -----------------►  CF\CHCF,  ►  CF^CHCOoMe
6 ,, èp3 t f .
 HCCCOgMelj
Iq
S ilyl enol ethers of malonic esters have also been utilized for the synthesis of 
methanetricarboxylic esters. This method was used to obtain thioester 2 by addition 
of a thiochloroformate.’*
s
0 0Si(Me)3 Cl C Q - ^ " ^ C I  ^COgE*
EtOC^^^COEf ----------------------------^ H C  —COpEt
I
Reactions
When alky 1-1,1,1-tricarboxylic esters (3) are desired, there are two possible 
synthetic routes (Scheme I); the first involves conversion o f a malonic ester to 1 
(Route A) and subsequent alkylation to give 3 or alternatively alkylation o f the 
malonic ester (Route B), followed by addition o f the last alkoxycarbonyl group. In 
spite o f the anticipated difficulties involved w ith alkylations of 1, Route A generally 
produced higher overall yields.*®*^ ®
The pKg o f methanetricarboxylic esters (1) is 7.8,^ * whereas the pK, o f diethyl 
malonate is 13.3.^ * As a result methanetricarboxylic esters (1) readily form stable, 
non-hygroscopic sodium salts (4),*’*° which are useful reagents for two carbon
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
COgR'
COgR'
HgC
COgR'
HC— COoR
R=-CH
COoR', /
R’ - C  — CO2R' 
CO2RZ 
3
COgR'
Scheme I. Synthesis of Alkyl-1,1,1 -tricarboxylic Esters, 
homologations. The reactions o f methanetricarboxylic esters are primarily based upon 
1 and 4; 1 condenses with amines and amine derivatives and adds to unsaturated 
carbon-carbon bonds under radical conditions, while 4 can be acylated or alkylated.
CO2R'/O 2R'
HO—CO2R'
''CO2R*
I
N o * "C — COoR'
\  , 
CO2R*
4 (80-90%)
W ith  Acid Derivatives
Acid chlorides react w ith 4 to produce the P-carbonyltricarboxylic esters 5 (Table 
n). The reaction o f 4 (R^=R^=Me) with phosgene gave acid chloride 5b (R^=C1), 
which was further functionalized as shown in Scheme 11.^  ^ Interestingly when 5b was
0
N o* - C -C O 2 R '  
CO2R*
4
‘Bci 0 /CO2R' 
R^CC — CO2R' 
COgR^
5
treated with aniline, decarbalkoxylation occurred in addition to amide formation to 
give (89%) 6. No decarbalkoxylation was observed w ith dibenzylamine or sodium 
thionaphthalate under sim ilar conditions; this may be due to steric restrictions.
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Table II. Synthesis o f Acylmethanetiicaiboxylic Esters 5."
Product 4 R® Method*^ Yield (%)
bp [°C]lmm 
or mp [°C]
5a R^=R^=Me Me [A]
73b.c 75/0.50
5b R^=R^=Me Cl 66" 189-190
5c R^=R^=Me OMe [A] 120 °C, 3 h 69 163/12; 74-75
e R’=R^=Me COCI [A] 75" 189-190
5d R^=R^=Me C02Me (BJ A, 1 h 80 179-180/15; 91-92
5e R^=R^=Me Ph [A] 100 “ 0 75''" 85
5f R^=R^=Me p-NOgPh (A)
a 121-122
5g R^=R^=Me Me [A] A — 147-148/14
5h R=R^=Et OEt [AJ A, 3 h — 173.5/12
5i R=R^=Et C02Et IB] A, 1 h — 189-190/11
5i R^=R^=Et Ph (A) 100 “ 0, 3 h — 214/14
5k R^=R^=APr Ph (A) 120 °C 62" 88
C / )
C / )
 ^Reierence 10, except as otherwise noted. ^ Reference 8. ° Reference 22. General Procedures. (A) Sodiomethanetricaitwxylate (60 mmol) was 
slowly added to an excess of the acyl chloride (510 mmol). The reaction was complete after refluxing for 1 to 3 h. The excess acyl chloride was 
removed by distillation. The crude product was dissolved in benzene or ether and filtered. The solvent was removed and the product was purified 
by vacuum distillation. [BJ The acyl chloride (60 mmol) was added to a stirred suspension of the sodlomethanetricarboxylate (60 mmol) in benzene 
(80 m l). The reaction was refluxed for 1 h, cooled, filtered, and the solvent removed in vacuo. ® (Me02C)3CC0 C0 C(C02Me)3 was obtained.
Nucleophilic decarbalkoxylation is a common and often undesired side reaction of 
methanetricarboxylic esters.
0 COgM#
II '
S -C -C — C02Me 
C^OgMe
0 C^OgMe 
PhNHC-CH
CO2M8
(89% )
pyndina, ether, 
A
PhNH2, 
ether
MeOH,
A
0 C^02Me 
(PhCH2)2N-C-C-C02M e (35% )
C02Me
(PhCH2)2NH , 
ether, A
0 C02Me
II /
MeO-C-C — COgMe (80 % ) 
C02Me
Scheme II. Functionalization of Acid Chloride 5b.
Tartronates, which are precursors to barbituric acids, have been prepared by 
Lawesson et al. by the reaction of peroxides with the anion o f active methylene 
compounds.^ ^ Thus, the tartronate 7 was obtained (92%) from the sodium salt o f Id  
and benzoyl peroxide.^^
/COzEt
HC—COgEt
\ 02Et 
I d
1. NoH, PhH
2 .(Ph002)2
0 CO2E t
II /  
PhCO-C — COgEt
COgEt 
7 (92% )
W ith  Amines and Amine Derivatives
Methanetricarboxylic esters 1, their sodium salts 4, and substituted 
methanetricarboxylic esters 3 have been treated with substituted amines, hydrazines, 
and ureas to give a variety o f derivatives. Simple amines gave either ammonium 
salts or tm-amides depending upon the reaction conditions, while tertiary amines 
and quaternary ammonium salts gave alkylated products; hydrazines and ureas formed
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heterocycles and barbiturates, respectively. The ammonium salts of la ,  listed in Table 
m , were formed upon standing from a mixture of the amine and la,^'* and were 
assigned structure 8 based upon their infrared spectra.
OMe
/
\  /  ■ ''>
-l'C -C O oM e
\
8.
The tris-axDÎàe 9 has been prepared via the reaction o f the triester Id  w ith several 
amines.^ The infrared spectra o f 9 were compared to their malonamide and acetamide 
analogs.^ ^ 7rw-amide formation was utilized by Newkome et al. for the introduction 
of the polar groups o f the arborols 10 and ll.^®-^^
R « H, n-Bu
RNHg HC(COgEDj 
Id
EtOH, 24hrs
R - Ph, g-MaPh, PhCHg, 
2-Pyridyl
I40 -I50"C , I hr
HC(CONHR )3
9. R = H (24-31%)
R = n-Bu (24%)
R « Ph (64%)
R « g-MePh (51%)
R « PhCHg (46%)
R ■ 2-Pyridyl (53% )
NaC(C02Ef)3 (:H2C(C02Ef)3 H2NC(CH20H)3
PhH/DMF(l=l), A KgCOs.DMSO, A
(Ef02C)3CCH2 '^^ ï>'^ H2C(C02Et)3 
PH2C[C0NHC(CH20H)3]3
[(H0CH2)3CNHC o]3C C [CONHC (CH20H)3]3
10
CH3(CH2)4C [cH20CH2CH2C(C02Et)3]3
H2NC(CH20H)3, K2CO3 , DMSG
CH3 (CH2)4c{ CH2OCH2CH2C [c0NHC(CH2 0 H)3] 3 }3  
IL
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7}
CD"O
OQ.
c
gQ.
"O
CD
C/)
C/)
Table II I.  Ammonium Salts o f Trimethyl Methanetricarboxylate (la ).
8
( O '
Salt Amine Yield (%) mp [°CJ
IR data [cm’ J^
''CO 0=0
7a (n-Bu)oNH 79 94-96 2550-2730, 1580 1739, 1681 1613
3.
3"
CD
3"O
OQ.
C
a
o3
"O
o
7b
7c
N -H
A
1
y
N -H
46
84
81-83
96-98
2760, 1585
2630-2750, 1585
1740, 1690
1745,1695
1632
1625
CDQ.
7d
/  \
0 N—H
\  /
58 63-65 2630, 1580 1755, 1690 1625
T3
CD
C / )
C / ) 7e -N H 2 66 97-98 2500-2790, 1585 1745, 1695 1631
11
The ketotriester 12 and hydrazine hydrate were heated to give (42%) the 
diazaheterocycle 13a; while in refluxing methanol, 13b was obtained in 77% yield.'" 
These reactions illustrate the ease o f decarbalkoxylation of the triesters. The 5-
H2NNH2 HgO P h -v /V .^ 0 N H N H 2
X  A ----------------   V > 0
M
PhCCH2- C ( C 02Me)3 l3o (4 2 %)
Ü-
H2NNH2 H2O PhNY^v.y^C02M«
U o
MeOH,A H °
13b (77% )
membered heterocycle 14 resulted jfrom the reaction o f Id and MA^'-diphenyl- 
hydrazine and sodium ethoxide in ethanol with concomitant decarbethoxylation.'*
EtOH, EtONa
HC(C02Et >3
14 (95% )
, j  PhNHNHPh
Active methylene compounds have been alkylated by treatment w ith tertiary 
amines,^®quaternary ammonium salts,^° and A(,iV-dimethylformamide diethylacetal.^' 
Snyder et al?^ studied the alkylation o f several active methylene compounds by 
gramine (15), 1-methylgramine (16), and 1-methylgramine methiodide (17). Triethyl 
methanetricarboxylate (Id) and gramine (15) were heated for 2 h at 115-130 "C, then 
saponified w ith KOH to give (67%) 18; decarboxylation afforded (78%) indole-3(P)- 
propionic acid (19).^° Alkylation o f diethyl malonate, ethyl cyanomalonate, ethyl 
cyanoacetate or Id by the methiodide o f 1-methylgramine, followed by hydrolysis and
CH2N(Me)2 CH2CH(C02H)2
I. H C (C 02E t )3
O115-130'C, _
 ^ H 2hrs
15 2. KOH, HoO l a
^ (67%)
J2.
(78%)
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decarboxylation gave iV-methylindole-3(P)-propionic acid (20).^° O f the active 
methylene compounds utilized. Id  gave the highest overall yield (56%). Analogous 
reactions with 1-methylgramine also gave 20 but in consistently lower yields. The
alkylations o f Id  and ethyl cyanoacetate with benzyldimethylamine to give a mixture
HgN (Me > 2  
^  I. Alkylation
2. KOH, H2 O
Me CH2CH(C02H)2 CH2 CH2 CO2 H
> 5  — a )
Me Me
20
16
1. Alkylation
2. KOH, H2 O
Me
17
of hydrocinnamic acid and dibenzylacetic acid were found to evolve 
dimethylethylamine and trimethylamine, respectively.^^ The mechanism proposed 
involves the in itia l formation o f a quaternary ammonium carboxylate upon heating the 
tertiary amine and the ester, the quaternary ammonium cation is the alkylating 
species.^ ®
H C (C 02E t)g , or I. KOH, E tO H , PhCH2CH2C02H
P^CH2N(M.)j  "C-^ HzCOaE. _  " Ü i  .
1 8 0 -2 0 0 "C 2 . 1 8 0 -2 0 0 *0
+
(PhCH2)2CHC02H
Diethyl malonate, ethyl cyanomalonate, and malononitrile were alkylated by
treatment w ith iVp/V-dimethylformamide diethylacetal in only ca. 50% yield, while
OEt
/
H C -O E t  
 N^(Me)2
CgHg-CICOgEDs
HCtCOgEty ^ (81%)
—  H C IN M eg)^  or ^tOgC^
 —  -------------- ^  E tO g C -C " +CH
/  EtOgC^  '^ N(Ma)2
H C -N (M a )2  \   ^ IL  (72-78%)
N(M a )2
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triethyl methanetricarboxylate (Id ) was alkylated in 81% /' Use o f tert-butylaminal 
or rm(dimethylamino)methane in place of A^,M-dimethylformamide diethylacetal 
produced the tetramethylformamidium salt 2 1 /'
A  series o f 5-alkylbarbituric acids 22 was easily synthesized by condensation of 
alkyl-1,1,1-tricarboxylic esters (3) with urea derivatives with concomitant 
decarbalkoxylation/^ the results are summarized in Table IV . This procedure allowed
^COgR' 
r3_C —cOgR' 
COzR*
3
E tO H , E tO N a
22.
simplified isolation of the barbituric acids and gave generally higher yields than 
analogous syntheses from malonic esters.^  ^ Further, diethyl phenylthiocarbamoyl 
malonate (23) was synthesized and condensed w ith urea derivatives to give (Scheme 
m ) 24/^ where the thioamide moiety remained intact. However, when the sodium salt 
o f 23 was condensed with phenylhydrazine, the thioamide participated in the reaction 
to give 25.
R y.
PhNH<i
u EtOH / ^ ° 2EI phNHNHz
>=Y ^ --------------------- H C - C O g E , — — — H C - C O g E I  --------------- ^  A .  f
\ EtONa \  ^  j w l
CSNHPh C=NPt> Pti
No* 25
24  0 R • H, Y * 0  23
b R • M«, Y ■ 0 
c R '  Ph, Y « 0 
d R « H , Y • NH
Scheme III .  Reactions of Diethyl Pbenylthiocarbamoyimalonate.
Radical Reactions
In the presence o f a radical initiator, triethyl methanetricarboxylate (Id ), adds 
to terminal alkenes (Scheme IV ) to form predominately the 1:1 adduct (50-75%) 
along with traces of the 2:1 adduct. Saponification of the 1:1 adduct, followed by
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CD"O
O
Q .
C
g
Q .
"O
CD
w Table IV. Baibituric Acids (22)'' Prepared from Triethyl A lky l-1,1,1-tricarboxylates (3).
0 
5
CD
8
( Q '3"
13
CD
"nc3.
3"
CD
CD■D
O
Q .
C
aO
3
■D
O
CD
Q .
■D
CD
C / )
C / )
3 (R =R^=Et)
Amine
Derivative Product Yield (%)'’ mp l“C]
R^=H H2NCONH2 12a R^=R®=H; Y=0 71 245
R^=H H2NC0NHPh 12b R^=H; R®=Ph; Y=0 80 262
R^=H H2NC0NHNHPh 12c R^=H; R=NHPh; Y=0 62 260
R^=Me H2NCONH2 12d R^=R®=H; Y=0 81 202-203
R^=Et H2NCONH2 12e R^=R®=H; Y=0 81 194
R^^CHgCH^CHg H2NCONH2 12f R^=R®=H; Y=0 79 167
R^=CH2CH=CH2 H2NC0NHPh 12g R^=Ph; R®=H; Y=0 70 152
R^=CH2Ph H2NCONH2 12h R^=R®=H; Y=0 81 152
R^^CHgPh MeNHCONHIi/le 121 R^=R®=Me; Y=0 50 116-117
R^^CHgPh H2NCSNH2 12] R^=R®=H; Y=S 70 218-220
 ^Reference 32. '’ General Procedure. Triethyl alkyl-1,1,1-tricarboxylate (42.0 mmol) and the urea derivative (42.0 mmol) were added to a stirred 
solution of sodium (87.0 mmol) in absolute ethanol (50 m l) and then refluxed for 6 h. Neutralization afforded the desired barbituric acid, as a 
white solid.
15
RCH=CH2
(Me>3C00C(Me)3
HCtCOgEtlj
Id
RCH2CH2C—COzEt
COzEt 
I 'l  odduct
1. NoOH
2. HCI
3. A
RCH2CH2CH2CO2H
RCH2 CH2 CHCH2 C {C 0zE t)3  
R
2'l adduct
Scheme IV . Radical Addition of Triethyl Methanetricarboxylate to Terminal Alkenes.
decarboxylation, provides a convenient route to /j-alkylcarboxylic acids and represents 
a two-carbon homologation o f the starting olefin. Unlike radical additions of malonic 
or acetic esters to olefms, the radical additions of methanetricarboxylic esters are 
regiospecific and lim ited exclusively to a-olefins.^"* A thorough discussion of the 
radical reactions o f methanetricarboxylic esters has been given in a review of radical 
additions of carboxylic acids and their derivatives,^'* thus only several o f the salient 
features w ill be presented here.
Optimum yields o f addition products are obtained when the ratio o f tricarboxylate 
to olefin is 5:1, the temperature is 140-170 °C, and di-r-butylperoxide is the 
initiator.^'* Addition products are obtained w ith terminal alkenes and alkynes, but not 
w ith cyclic or internal alkenes. For example, triethyl methanetricarboxylate added to 
the exocyclic methylene o f P-pinene with rearrangement to the p-menthene system in 
52% yield,^^ while under sim ilar conditions a-pinene resulted in recovery (>90%) of 
starting materials and no isolated adducts.^ '* The absence o f adducts with cyclic and
:H2C(C02Et)3
HC(C02Et)3
In i t ia to r
HC(COgEt *3
In i t ia to r
»  No Reaction
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internal alkenes probably arises from the steric requirements of the bulky 
methanetricarboxylic ester. Further examples are given in Table The radical
additions o f Id to olefins have also been initiated by ®°Co y-radiation; however, the 
yields are considerably lower (5-50%)^'* than those o f peroxide initiated reactions.
Flesia et a l.^  have prepared the nitroso triester 26; treatment of Id with sodium 
nitrite in acetic acid gave predominantly the stable blue radical species 27 in addition 
to 26 while the neat reaction o f nitrous oxide with Id gave essentially pure 26. It was 
determined that 27 was a thermal and/or photochemical decomposition product of 26, 
thus complete purification o f 26 was impossible. However, 26 was conveniently
HC(C02Et)3
Id
N oN O g, AcOH /  ^
-----------------------------------0=N -C  — COgE f
o r  NO, n e a t ,  25*0 ' 'c O g E t
26
h u ,
or A
EtO gC  C02Et
EtOgC-C^I^^C-COgEt 
E tO gC  Q. CO2EI 
27
generated in situ by the latter procedure; the radical adducts 28, 29, and 30 were 
characterized.''® The advantages of 26 over 2-methyl-2-nitrosopropane and perdeuterio-
0 =N -C (C 02E t )3
Et I +  (n-Bui^SnH ------------- ^  C H 3C H 2^ ^ ..,C (C 02E t)3
II II I
I-BUO2C-CO2 I-B u  0- 2B
0cM-C(CO2Et)3
PrBr + (n-Bu^SnH ------------- 5 - 3 ----------CH3CH2CH2 C( C02Et >3
l-Bu02C“ H02l-Bu Ô-
0=N -C (C 02E t)3 
HC02Me ---------------------------'
29
0 O
t-Bu02C-Ho2l-Bu
CH302C>s.^^C(C02Ef)3 
0- ^
2-methyl-2-nitrosopropane as radical trapping agents'"’'*^  include simplicity of 
preparation, higher yields, and improved resolution of signals.''®
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Table V, Radical Additions o f Triethyl Methanetricarboxylate (Id ) to Alkenes" and 
A lkynes/
Alkene (Alkyne)
Ratio 
1d : Alkene 
(Alkyne) Yield (%)®
1:1 Adduct 
bp [°C]/mm
n-CgHyCH=CH2 5 52 104-108/0.4-0.5
n-CgHyCsCH 5 30^ 111-112/0.1
n-C4HgCH=CH2 5 51 108/0.50
n-C^HgCsCH 5 2-jb 127-127.5/0.3
n-CgHyC(Me)=CH2 - < 5 128-132/0.6
n-C5HiiCH=CH2 5 75 115.5-124/0.1-0.2
n-CgH^gCH=CH2 5
10
73 . 
50-55 '^
128-133/0.2-0.3
cyciooctene - trace 137-140/0.1
n-CgHigCzCH 5 26^ 123/0.1
n-CgHyCsC'/l-CgHy 5 _b none isolated
n-Cy H ^ g^=CH 5 38" —
/7-CgH.|yC=CH 5 33" 145-146/0.1
n-CgH^gCH=CH2 5 72 144/0.08
Me02CCgHieCH=CH2 5 5 f —
n-C.ioH2^CH=CH2 5 70° 157-158/0.15
PhCsCH 5 _b none isolated
^Reference 34, except as otherwise noted. ^Reference 36. ‘^Reference 37.^e ference 38. ®The 
yields given are for the 1:1 adducts.
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Alkylations
Alkali metal salts o f 1 (e.g., 4) have been alkylated, generally by alkyl halides; 
however, the reaction has several limitations. The salts o f 1 are practically insoluble 
in most organic solvents except polar aprotic solvents, such as acetone, dioxane, and 
iVA^-dimethylformamide. Alkylations with primary or secondary halides tend to be 
slow except when iVA^-dimethylformamide is the solvent. Selection o f the alkyl groups 
o f the triester is also important; the trimethyl ester 4a generally gave poorer yields 
than the corresponding reactions o f triethyl ester 4d, probably due to greater ease of 
décarbométhoxylation. The synthetic details for a variety of alkylations are given in 
Table V I.
A common side-reaction arises from the presence o f a nucleophilic group within 
the alkylating species, which can effect decarbalkoxylation and subsequent 
decomposition o f the desired product. Thus, the reaction o f V-chloromethylpiperidine 
with 4a gave a mixture o f 31 and 32 instead o f the anticipated 33;'*  ^ the pentamethyl
O
NoC(C02Me)3 4 a
CH2CI
DMF, 7 0 ‘ C , 5 hrs
 ^ ^CH2C(C02Me)3
33
o Me02C  ^ ^C02MeC02Me + C^HCH2C—C02Me
31 Ma02C CO2MB
(21% ) 32 (2 7 %)
ester 32 probably originated from the methylene malonate 34, which was identified 
as a decomposition product o f in itia lly  formed 33. This was verified by the 
subsequent synthesis o f 32 from 3 4 . An analogous reaction occurred with N- 
chloromethylmorpholine; however, in this case some o f the expected 35 was isolated.
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Table VI. Alkylation of Sodiomethanetricaiboxylic Esters (4).“
CD
Q .
■D
CD
C / )
C / )
Sodium Alkylating bp (°CJ/mm
Product Sait Agent Procedure Yield (%) or mp ('
CHgCiCOgMejg 4a CHgl IBl A, 12 ti 78" 116-117/10
CHgClCOgEQg 4d CHgl [A] 140 X ,  2 h C 130/11
4d CHgl (Al A, 1.5 h 80 125-127/7
4d (CHgjgSO^ [A] A, 25 “ C. 10 min 89 130-132/10
CgHsClCOgEDa 4d CgHgBr [B] A, 4 h 77 139/7
4d CgHjl [A] 140 °C. 2 h _ _ C 146/17
4d (^ 2^ s)2^ 4^ [B] 25 °C. 10 min 86 142/10
4d CgHgOSOgPh [B] A. 9 h 77 142/11
BrCHgCHgClCOgEtlg 4d BrCHgCHgBr (D) 90 X ,  10 h 91'' -
BrCHgCHgCHgClCOgEDg 4d BrCHglCHgjgBr [D] 85 X ,  20 h 70" 120-125/0.50
CHgCHgCHgCHgClCOgEtjg 4d CHg(CHg)gBr [D] 85 X ,  20 h 85" 125-130/1
4d CHgtCHgjOTs [B] A, 10 h 80 165-167/10
CHgCHgCHgCHgCICOgEQg 4s CHg(CHg)gBr [D] 75 “C, 16 h 86" 100-110/0.1
COg-f-Bu
VO
CD■O
O
Q .
C
g
Q .
" D
CD
C/)W
o"3
O
3
CD
8
ci'3"ï3
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Table VI. Alkylation of Sodiomethanetricaiboxylic Esters (4)" (continued).
Product
Sodium
Sait
Alkylating
Agent Procedure' Yield (%)
bp [°CJ/mm 
or mp [°CJ
CH2=CHCH2C(C02Me)3 4a CH2=CHCH2Br IB] A, 12 h 26" 108-110/15
CH2=CHCH2C(C02Et)3 4d CH2=CHCH2Br [C] A, 1 h 72 142/11
CH2=CHCH2C(C02Et)3 4d CH2=CHCH2Br [BJ A. 2 h 97 142/11
HCHCCH2C(C02Me)3 4a HC5CCH2Br [B] A, 12 h 22" 98/0.2
PhCH2C(C02Et)3 4d PHCHgCI [C] A. 2 h 59 195-197/12
Me0 CH2C(C02Me)3 4a MeOCHgCI [B jA 81" 80/0.01; 39-40
PhCH20CH2C(C02Me)3 4a PhCH20CH2CI [B jA 87" 115-117/0.01
CH3C0CH2C(C02Me)3 4a CH3COCH2CI [BJA 12" 80-82/0.01; 92
CH3C0CH2C(C02Et)3 4d CH3COCH2CI [BJ A, 7 h 72 165/8
PhC0CH2C(C02Me)3 4a PhCOCHgBr [BJA 60" 95-96
PhC0CH2C(C02Et)3 4d PhC0 CH2Br [BJ A, 2 h — 226/7
Et02CCH2C(C02Et)3 4d Et02CCH2CI [BJ A, 2.5 h 72 179-180/14
Et02CCH(Me)C(C02Et)3 4d Et02CH(Me)Br [BJ A, 3 h — 190/8
PhSCH2C(C02Me)3 4a PhSCH2CI [BJA 68" 105-110/0.01
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Table VI. Alkylation of Sodiomethanetricarboxylic Esters (4)" (continued).
Product
Sodium
Salt
Alkylating
Agent Procedure' Yield (%)
bp (°C]/mm 
or mp [°Cj
PhCH2CH2SCH2C(C02Me)3 4a PhCH2CH2SCH2CI (B)A 74" 110-115/0.01
Et2NCH2CH2C(C02Me)3 4a Et2NCH2CH2CI IB) A 54" 75/0.01
C5HioNCH2CH2C(C02Me)3 4a C5H13NCH2CH2CI (B IA 6O" 80/0.01
PhC0NHCH2C(C02Me)3 4a PhC0NHCH2CI [BJ 25 °C 72® 84
Cl3CC0NHCH2C(C02Me)3 4a CI3CCONHCH2CI [B] 25 °C 60® 100-102/0.01; 54
^ Reference 20, except as otherwise noted. ^Reference 22. ®Reference 10. Reference 15. ® Reference 43. ' General Procedures. [A] The 
sodiomethanetricarboxylic ester (28.0 mmol) was added to an excess of the alkyl halide (180 mmol) and heated at 130-170 °C for several hours. 
Upon cooling, anhydrous ether was carefully added and the mixture was filtered. Removal of the ether and fractional distillation in vaaio gave 
the desired alkylated product. [B] The alkylating agent (42 mmol) was added to a stirred suspension of the sodiomethanetricarboxylic ester (38 
mmol) in dry dioxane (80 m l) under the conditions given. The mixture was filtered and the dioxane removed in vacuo. [C] The sodiomethane­
tricarboxylic ester (0.10 mol) and the alkyl halide (0.10 mol) were dissolved in acetone (60 mL) and refluxed (1-4 h). The reaction was cooled, 
filtered, and the acetone was evaporated. [D] Sodiomethanetricarboxylic ester (33.0 mmol) dissolved in benzene/Af,A/-dimethylformamide (1:1; 40 
mL) was added to the alkyl halide (66.0 mmol) and heated at 75-90 °C for 10-20 h. After cooling, benzene (100 m l) was added, and the solution 
was washed with water (3 x  80 m l), dried, and evaporated to give the cmde product.
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O DMF+ HC(C02M«)3 + H2C=C(C02Me)2  —ia . 34. 70»C, 3hrs 32 (147.)
O NaC(C02Me)3 y— \CHzCI -------------------------    ^CH2C(C02Me)3 + ^C02Me
35 (40% ) (18%)
DMF, 7 0 *C , 5hr«
These side-reactions were circumvented via a modified Mannich reaction. 2,2,2- 
Tricarbomethoxyethanol (36) was prepared by the addition of la  to aqueous 
formaldehyde in the presence o f base;"*^  this very reactive alcohol was easily
aqueous H2CO
HC(C02Me)3 -------------------------^  H0CH2C(C02Me)3
Jo. C0CO3 , I2hrs ^  (95  7.)
condensed with secondary amines to afford iV,iV-disubstituted-2-amino-1,1,1- 
tricarbomethoxyethanes (Scheme V),'*^ and thus 33 and 35 were obtained in excellent 
yields.
PhC02CH2C(C02Me)3 
(3 4 % )
PhCOCl 
3hrs
33
(8 5 7 .)
Q ' H  , PhH,
N0 2 8 0 4 , IZhrs
PhCH2NH2
CH2C(C02Me)3 
(837 .)
36
(PhCH2)2NCH2C ( C02Me)3 
(72%)
(PhCH2)2NH
PhH
35
(9 0 % )
PhNCO
PhCH2NHCH2C( C02M*)3 (Me02C)3CCH2*^ ^CH2C(C02Me)3 PhNHC02CH2C (C02Me)3
(817.) (8 6 % ) (167.)
Scheme V. Reactions of 2,2,2-Tricarbomethoxyethanol.
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The malonic ester synthesis is among the oldest and most utilized classical 
organic reactions;'*'* however, for some substrates it has disadvantages: dialkylation 
often occurs with reactive halides, eliminations are possible, alkyl halides containing 
acidic hydrogens can seldom be used, and the synthesis o f haloalkylmalonic esters 
from dihaloalkanes is essentially impossible since inter- or intra-molecular 
dialkylations are usually the result. Intramolecular cyclization predominates when 
cyclopropane or cyclopentane rings are formed.'*^ To circumvent these difficulties 
Rapoport and co-workers utilized the carbethoxy moiety, as a blocking g roup ;thus, 
triethyl 3-bromopropane-1,1,1-tricarboxylate (37) and triethyl 5-bromopentane-1,1,1-
NaC(C02E»)3.
BrCH2CH2Br ------------------------------------- Br ( CH2)2 C — C02Ef
PhH/OM FdM), \
90-C . lOhrs ^
NaC(C02Et >3 ,
Br CH2CH2CH2CH2Br --------------------------------------►  Br ( CH2)4 C( C02Et)3
PhH/DMF ( I 'D ,
80*C , 20hrs 38
tricarboxylate (38) were prepared in good yields (>70%).*^ A synthetic application of 
this concept is shown in Scheme V I; triethyl 5-bromopentane-1,1,1-tricarboxylate (38)
Ç ^ C O a C H a P h ,  H 2 , P d /C . EtOH
Br(CH2)4C(C02Ef)3 ---------------------------y^COgCHaPh ------------------------------- ^
30 PhH/DMF ( I 'l ) ,  K2CD3 CHoCCHalaCCCOaEDs
-  a . ,53%.
r  1  E tO N o, E tO H , r  1
^N'^coaH  ► N r^coaH
CHa(CHa)3C(C0aEt}3 zs*c, lOmln CH2(CH2)3CH(C0aEt)a
40(92%) ^  (93%)
Scheme V I. The Carbethoxy Moiety as a Blocking Group.
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was treated with benzyl pipecolate to form the A^-alkylated pipecolate ester 39. 
Hydrogenolysis of 39 to the acid 40 followed by removal of the blocking group gave 
A^-[5,5-bis(ethoxycarbonyl)-n-pentyl]pipecolic acid 41*^ in 45% overall yield.
Analogous attempts to prepare tiimethyl 3-bromopropane-1,1,1 -hicarboxylate (42) 
have proven unsuccessful; dimethyl cyclopropane-1,1-dicarboxylate (43) was obtained 
when the reaction was performed in A^,A^-dimethylformamide-benzene (1:1) at 90 °C, 
while in refluxing dioxane starting materials were recovered (>90%). Formation o f 43 
most like ly proceeds via décarbométhoxylation by bromide ion and subsequent 
cyclization of the resulting anion.
BrCH2CH2Br
NaC(C02Me)3 < BrCH2CH2C(C02Me)342K 02Me 
02 Me
43
Nucleophiles are known to undergo Michael-type reactions with 2- (or 4-) vinyl- 
pyridines.'"^ Thus, 6,6'-d ivinyl-2,2'-dipyridine (44) was treated with 2 equivalents of
MeOH, A
44
4d in refluxing methanol in hopes o f obtaining the 6w-addition product 45; however, 
only the decarbalkoxylated mono-addition product 46 was obtained.'*^
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Decarbalkoxylations
Several decarbalkoxylations have already been discussed; however, many of these 
were undesired side reactions. Older methods consisted o f heating the triester with 
sodium in alcohol;*’*®’* thus 48 was obtained from 47 in only 16% yield.'**
EtONo, EtOH
CHgC— COgEt CHgCH
COgEt 
48 (16%)
In order fo r the carbalkoxy moiety to serve as a useful blocking group in the 
malonic ester synthesis, improved decarbalkoxylation methods were developed; the 
three best procedures are shown in Scheme VII.** A ll three methods were quantitative 
by GC analysis and isolated yields were >90%.
EtONo, THF
25 *C , lOmin
LDA, THF ^
C 4 H 9 C - C O g E t --------------------------------------------------------------------   C^HgCH
W .  \  0-C, I .5 F , .  y
BCI3, DCM
5'C  , 3hrs
Scheme V II. Decarbalkoxylation of Alkyl-l,l,l-tricarboxylic Esters.
An alternative method is based on the ease o f hydrolysis o f t-butyl esters; diethyl 
f-butyl pentane-1,1,1-tricarboxylate was prepared and easily decarbalkoxylated by 
treatment with either 100% formic or trifluoroacetic acid.**
^COgEt C^HgBr ^COgEt HCOgH, or
No* "C — COgEt -------------------------- ^  C4H9C — COgEt ------------------------- ^  C4HgCH(C0gEt)g
^COgl-Bu ^COgl-Bu PaCCOgH
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Reductions
Reduction o f alky 1-1,1,1-tricarboxylic esters (3) with lithium aluminum hydride 
gives a predominance of a llylic alcohol 49 as well as a small amount of the
/COgR' 
R®-C— COgR' 
COgR*
LiAIH4 /
R®-C
CHgOH
CH2
49
C^HzOH 
R »-C —CH2OH 
CH2OH 
50
anticipated 50.'* ’^'’* For example, 49a was the only isolated product from the reduction 
o f 47.'*^  In addition, the decarbalkoxylated intermediate was substantiated by the 
separate synthesis and subsequent reduction o f 51.'’^
CH2C(C02Et)3
LÎAIH4
OO"
(^^j[^CH=C(C02Et)2
+ Ef0CH=C(C02Et)2
CH2OH
49a
CH2
Several attempts to reduce triethyl hexane-1,1,1 -tricarboxylate failed.^ " '^'*  ^ Lithium 
aluminum hydride gave 90% the a llyl alcohol and only 8% o f the desired triol. 
Bouveault-Blanc'*® conditions gave a mixture o f alcohols, and lithium  borohydride in 
refluxing tetrahydrofuran^° gave (10%) the diol 39 as well as recovered starting
CH3(CH2)4C(CH20H)3
( 8 %)
+ C^HgOH 
CH3(CH2>4C
''CH2
(90% )
Li AIH4, THF
CH3(CH2)4C(C02Et)3 
N o. EtOH
mixture of olcoltols
LiB H4, THF
unreacted triaster
CH3(CH2)4CH(CH20H)2 
52 (10% )
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material (>80%). Sodium borohydride,^ diborane-dimethylsulfide,^'* and 
tiiethoxysilylhydride^^ reductions all gave recovered starting material (>85%). 
Miscellaneous
Oxidation of Id with lead tetraacetate gave recovered Id (86%), an unidentified 
o il, and hexaethyl ethane-1,1,1,2,2,2-hexacaiboxylate (3%).^ ®
Carbonyl complexes o f manganese and rhenium have been treated with 4d to 
give 53 and 54, respectively.^’  Complex 53 was converted to the monomeric complex 
55 with triphenylphosphine. Based upon the infrared spectra o f 53-55, the general 
structure 56 was assigned.^ *
NaC(C02Et)3 2 PPhs.THF
M(C0 )5 Br ------------------------^  [MtCOytCtCOgEtyjn -
M = Mn
53 M = Mn
54 M = Re M-CL^^OEf
M.(C0)3  (PPh,)2 [c(C02E.l3] E.OgcAcOzEl
^  56_
Substituent effects on the stability o f enolates and related carbanions including 
tiicarbonylmethanes^^ have been studied by *^C NMR. *^C NMR has also been 
applied to the study o f protonated esters in FSO^H-SbF; solution.^ ®
Conclusions
Methanetricarboxylic esters form a class o f easily prepared compounds which 
have diverse, yet virtually untapped applications, some of which are described herein. 
Radical additions o f methanetricarboxylic esters to terminal olefins and alkylation of 
sodiomethanetricarboxylic esters provide convenient routes to alky 1-1,1,1-tricarboxylic 
esters. Further reactions allow the synthesis of various heterocycles, while selective 
monodecarboxylation gave the corresponding malonic ester derivative; saponification 
of the triester to the triacid and subsequent Z?w-decar-boxylation is a two carbon
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homologation a useful sequence which bypasses many of the disadvantages o f malonic 
esters. The methods outlined here may well provide synthetic routes to molecules 
which are not readily accessible by other means.
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Chapter 2. Arboreal Architecture in the Design of Cascade 
Molecules. Synthesis of a [27] ArboroF and a [9] 
Arborol.
Introduction
Many researchers have studied the properties o f amphiphilic molecules in aqueous 
solutions.*^ ® Amphiphiles are composed of two antithetical groups or regions: a polar 
or ionic "head" group and a non-polar "ta il" (Figure I).®* Dissolution o f amphiphilic 
molecules in water causes self-aggregation which minimizes the interactions between
H y d r o p h o b i c  T o i l
I- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - — -^ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1
H y d r o p h i l i c  He e d  G r o u p  
Figure 1. General Structure of an Amphiphile.
the lipophilic "ta il" and water. These aggregates, known as micelles, have a lipophilic 
core (interior) w ith a smface covered by the polar "head" groups to maintain water 
solubility. The resultant shape o f the micelle depends upon the required head group 
area, including any associated counterion, relative to the cross-sectional area of the 
tail.®  ^ Numerous shapes have been observed for micelles including disks, cylinders, 
ellipsoids, and spheres.*^ ^
Micelles solubilize diverse organic molecules with association constants which 
approach those o f many enzymes and their substrates.®'* The ability to bring reactive 
species together in a confined volume affords micelles a cursory resemblance to 
enzymes. Micelles have been used to catalyze many organic reactions®  ^ which often 
obey Michaelis-Menten kinetics;®® chiral surfactants have provided a degree of
*' For preliminary communication, see reference 26: Newkome, G. R.; Yao, Z- 
Q.; Baker, G. R.; Gupta, V. K. J. Org. Chem. 1985, 50, 2003.
29
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stereoselectivity.®^ Unfortunately, to observe micellar behavior, and thus catalysis, the 
amphiphile concentration must be greater than the critical micelle concenüaüon (cmc), 
or else the solution contains only discrete solvated surfactant molecules. This critical 
micelle concentration restraint could be circumvented by tying the amphiphilic 
molecules within an aggregate into a single molecule; thus, the micellar properties 
would exist at all concentrations.®® A number of "multi-armed" compounds have been 
synthesized toward this goal, such as: "octapus" molecules,®® "hexapus",’ ” "hexa- 
hosts",®' "tentacle" molecules/^ "tripod" and "tetrapod" ligands,’ ® "polypode" ligands,’ "' 
and branched polyamines.’ ® Some o f these are illustrated in Figure 2. The chemistry 
o f multi-armed molecules has recently been reviewed by Menger.®®
These multi-armed molecules conveniently f it  into the "cascade" terminology, 
which was originally described by Vogtle.’ ® A cascade synthesis was envisioned as 
a repetitious reaction sequence, which created layers o f groups that branch to give 
two or more new groups. For example, reduction of dinitrile 57 gave triamine 58. 
Subsequent Michael addition o f 58 into acrylonitrile gave 59, which was reduced to
C o ( l l ) ,  NoBH,  ^  N  Hj C- CHCN
NC^ ^CN 
57
MeOH.  2 h >  AeOH,  2 4 h
N
N
NC
59
Co(  I I ) , NoBH,  
MeOH.  2 h
H%N HjN NH; NH;
60
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the polyamine 60. Additional layers and further branching could be synthesized by 
repetition o f this sequence. Unfortunately, or fortunately as the case may be, the 
multi-armed molecules described above (Figure 2) do not fu lly  exploit the molecular 
cascade concept. They possess only one layer or tier, and are capped or terminated 
by design, i.e. additional layers are not easily added.
Nature’s architectural design of trees in South American tropical rain forests, 
summarized by Tomlinson et inspired us to design and synthesize a new class 
o f cascade molecules. These molecular cascades, herein described, are based upon the 
"Leeuwenberg" model for tropical trees (Figure 3a). The conceptual transformation 
from a tree to an organic molecule is accomplished by: substitution o f a tetrahedral 
carbon atom at each branching point, and replacement o f all the branches by organic 
connecting or extending groups; this is shown schematically in Figure 3b. The result 
is a molecule with a central trunk surrounded by a spherical cascade (Figure 3c). The 
surface o f the cascade sphere is covered by terminal functional groups; use o f 
appropriate reactive terminal groups permits the addition o f another layer, while polar 
terminal groups afford high water solubility.
(a) (b) (c)
Figure 3. Derivation of Cascade Molecules from Leeuwenberg’s Model for Tropical Trees.
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The growth o f the cascade from the central "trunk" follows a simple mathemat­
ical progression, i.e. 1 to 3 to 9 to 27 et cetera. The general formula for these 
molecular cascades is:
X {B j (E; B2 (E2 — B/ (E,- — B„ (E„ T);t^ — }j
where X is the substrate or core o f the molecule; B, is the branching group o f the 
tier or layer, e.g. C, CH, N, P\ E,- is the extender or connecting group which 
constitutes the branches o f the tier; T is the terminal functional group; i is the 
tier number; is the branching constant for the tier which depends upon the 
valency o f Bj; n is the total number o f tiers or layers; and j  is the number of 
cascades attached to the substrate X. For the Leeuwenberg model (Figure 3), the 
branching groups are based upon the tetrahedral carbon structural parameters; thus, 
the branching constants (A:,) are always 3. Incorporation of other branching groups 
(e.g. CH, N) w ill change some of the branching constants and provide for variation 
o f the cascade size, shape, and density. The cascade’s properties w ill also depend 
upon the length and constitution of the various connecting groups (E,). From the 
general fonnula, the number of terminal groups is easily calculated as j  times the 
product o f all the branching constants, ie. for / = 1 to n.
The preliminary goal of this work was the synthesis o f simple model systems 
to provide proof-of-concept and define the synthetic limitations o f our approach. The 
models consisted of a single cascade sphere attached to a hydrocarbon tail, i.e. n- 
pentyl and n-hexadecyl. The in itia l concept is shown in Scheme V III. The desired 
synthesis should require a few steps for the construction o f each tier and allow for 
repetition o f these steps to create additional tiers. First, treatment o f an alkyl halide 
w ith triethyl sodiomethanetricarboxylate (step a) would form the primaiy branching 
tier. Reduction o f the triester (step b) would form a trio l, which could be converted
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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into a good leaving group (step c). Additional tiers could be added by repetition of 
steps a-c. Elongation o f the branches by the addition o f extender groups (step d) 
would be necessary i f  nucleophilic substitution o f the neopentyl halide moiety proved 
difficult.
CO,E, b
RCHpX ------------------------ ► RCHjC-COjE»
CO^E f
CHjX
RCH2C-CH2X
R
CH^X
CHzOfCHzi .OH ^
z C - C H z O f C H z ï n O H  ------------    • •
CHjO(CH2 )„OH
Scheme V III. General Synthesis of a Cascade Arborol.
Arboreal is defined in Webster^ ® as: "of, relating to, or resembling a tree." The 
arborescent qualities of the proposed molecular cascades logically led to the parent 
name o f arboranes for this new class o f compounds; thus, arborols are molecular 
cascades which possess terminal hydroxyl groups.
During the course of this work, Tomalia and coworkers^^ reported the 
conceptually related "starburst-dendritic" macromolecules. The branches o f the initia l 
starburst polymers emanated from nitrogen (B; = N; = 2) instead o f carbon (B, = 
C; ki = 3). The starburst molecules were generated from an amine core, e.g. NH3 or 
H2NCH2CH2NH2. Thus, exhaustive Michael addition o f ammonia into methyl acrylate 
gave the 0.5 generation starburst 61. Amidation o f triester 61 w ith a large excess of 
ethylenediamine gave the 1.0 generation starburst 62. Repetition o f these steps
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generated dendrimers through generation 5 .0  with an am m onia core, and through 
generation 7 .0  with an ethylenediamine core.
The various generations o f the starburst dendrimers were characterized by *^N, 
and NMR spectroscopy, titrimetry, low angle light scattering, and electron 
microscopy, in addition to the standard techniques. Interestingly, the electron 
micrographs showed three regions. The outermost region contained exclusively single 
dendrimers; the observed particle size was highly monodisperse and compared 
favorably with dimensions obtained from CPK molecular models. The second region 
consisted o f aggregated dendrimers with varying aggregate diameter, while the center 
region was microcrystalline.
Tomalia and coworkers*® later prepared a densely packed polyether dendrimer 
synthesized from a pentaerythritol core and branching units. One other example of 
regularly branching macromolecules has been reported, the synthesis o f globular 
poly(a,e-L-lysine). The synthesis of these polypeptides, performed by Denkewalter 
and coworkers,*’ began w ith the reaction o f L-lysine benzhydrylamide (63) w ith an 
excess o f the nitrophenyl ester derivative o f iV,A^'-i>w(rm-butoxycarbonyl)-L-lysine 
(64) to give the BOC-protected product 65. Further layers were successively added 
by repetitive deblocking o f the BOC-protected amines with trifluoroacetic acid, and 
subsequent amidation o f the free amines with an excess o f 64. Polymers containing 
up to 1023 lysine residues were synthesized (FW = 233,600).
The size and solution properties o f these polypeptides was investigated by 
Aharoni and coworkers.*" Size exclusion chromatography showed that the molecular 
weight o f each homologue was essentially monodispersed. Viscosity and photon 
correlation spectroscopy measurements indicate that the homologues behave as 
nondraining spheres.
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The appearance o f several recent reviews on cascade syntheses indicates the 
growing interest of the topic,^^ The physical characteristics of molecules possessing 
regular branching with radial symmetry have also been the focus of several theoretical 
papers.*'*'®’
Synthetic Aspects
Some o f the limitations and versatility o f our proposed synthesis were evaluated 
by the preparation of two model arborols. Potential difficulties o f the proposed 
synthesis were evaluated by the preparation of an amphiphile with a short "ta il", i.e. 
«-pentyl. The preparation of an n-hexadecyl arborol revealed the problems o f working 
with long-chain hydrocarbons.
Construction of the firs t branching tier was envisioned as: alkylation o f 1- 
bromoalkane by triethyl sodiomethanetricarboxylate and subsequent reduction o f the 
resulting triester to 2,2-6ü(hydi oxymethyl) - 1 -alkanol. This scheme was tested by the 
use o f 1-bromopentane; the desired triester 6 6  was easily prepared (83%) by treatment 
o f 1-bromopentane with NaC(C0 2 Et)3** in CgHg-DMF (1:1) at 100 °C. The successful 
formation o f 66  was evidenced by spectroscopic and analytical techniques. The *H 
NMR spectrum for 66  was rather simple, a small üiplet (5 0.86) for the terminal 
methyl moiety, a clean triplet (5 1.29) for the ester methyl, a broad multiplet (5 1.4- 
2.3) fo r the methylenes o f the alkyl tail, and a clean quartet (5 4.25) for the ester 
methylene. **C NMR spectral analysis showed loss o f the CHjBr resonance (5 34.7), 
and the appearance of signals at 5 14.0, 33.4, 62.1, 65.9, and 167.6, which were 
assigned as OCH2CH3, CH2C, OCH2CH3, C40, and C=0 , respectively.
N o C ( C O j E » ) ,
n - C j H j j B r  \  -^------1------------------- n -  C g H ,,  C—C 0 g E 1
COjEt
6 6
C j H j - D U F .  BO "C
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Unfortunately, attempted reduction o f 66  with either LiAIH^ or LiBH^ in ether 
gave only a low yield (8 %) o f the desired trio l 67; the major, albeit unexpected, 
product isolated from the reaction mixture was the allyl alcohol 6 8 , which was readily 
characterized by *H and NMR spectroscopy. The presence o f a double bond was 
indicated in the NMR spectra by two close doublets at ca. 5 4.98, which are
l i a i h ,  y T - O H
n - C 5 H 1 1  C— C O 2 E t --------------------1 1 - C 5 H , , — ^  +  n - C j H , , —
C O , E ,  C H ,
6 6 6 8
6 7
assigned to the vinyl protons, and in the NMR spectra by resonances at 8  109.4 
and 149.8, assigned to C=CH2 and C=CH2> respectively. The a llyl alcohol 68  probably 
arises from a facile Grob fragmentation*® as shown in Scheme IX , where b is 
electrofugal and X is nucleofugal.
:
0 — b— —d—I—X ---------------------- ► 0 — b +  c— d +  X
\  /  I
CHjOA I 1^ -A I OCH,
^  I I /  I \  I
" 0 — C H ; — C— C H , - —0 — A I -   ► 0 — C +  C = C  H ,  +  ” 0 — A I -
T  ^  I \  /  I
R H R
Scheme IX . Mechanism of the Grob Fragmentation.
Because o f this deleterious result, an alternate synthesis of the desired trio l 67 
was needed. A Tollens condensation®® is the reaction between an a-methylene 
aldehyde and formalin which proceeds by two crossed aldol condensations and a 
subsequent Cannizzaro reaction to yield a 2,2-Z>w(hydroxymethyl)-l-alkanol. Thus,
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67
reaction o f heptanal and formaldehyde with sodium hydroxide in aqueous alcohol 
cleanly gave (60%) the desired trio l 67.
E f O H .  KOH
C H j (  C H 2 ) 4 C H 2 C H 0  ---------- — --------- ► n - C j H , , —
The inability to reduce the alky 1-1,1,1-tricarboxylic ester to the corresponding 
trio l forced a modification o f the original synthetic scheme (Scheme X). Construction 
o f the second tier was again based upon alkylation with triethyl 
sodiomethanetricarboxylate, after the incorporation o f any necessary extender groups; 
however, synthesis of the third tier was based upon the amidation o f these esters with 
trw(hydroxymethyl)aminomethane (Tris). The proposed synthesis w ill generate two 
layers o f branching, and permit the addition o f further layers by repetition o f the 
steps: addition o f an extender group, i f  necessary; alkylation w ith the triester salt; and 
amidation with Tris.
The need for extender groups was examined by conversion o f the trio l 67 to the 
corresponding tritosylate, and attempted alkylation with triethyl sodiomethane­
tricarboxylate. The tosylate was desired, rather than chloride or bromide, because it 
was formed via milder reaction conditions (TsCl, pyridine versus SOClj or PBr^), 
and the extent o f tosylation could be monitored via NMR (integration o f the tosyl 
Ciïg versus the n-aUcyl chain). Thus, 2,2-6w(hydroxymethyl)-1 -heptanol (67) was 
converted (70%) to the frif-tosylate 69 by standard conditions®' using tosyl chloride 
in anhydrous pyridine at 0 °C. Tosylation o f all three hydroxyl groups was readily 
evidenced by the absence o f an -OH stretch in the IR. 'H  and NMR spectia of 
69 supported the assigned structure: proper integration of the tosyl CH^ (9 H) to «-
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pentyl alkyl chain (11 H), the downfield shift o f CH^O (from 8  66.7 to 67.9), and 
appearance o f the tosyl carbon resonances (8  145.3, 127.9, 130.1, 129.9, 21.7).
^ O H  , 0 T s
n -  C g H , 1 H  ► n -  C g H . , — T ^ ^ G T s
0
6 7 6 9
Alkylation o f 69 by triethyl sodiomethanetricarboxylate to give the nonaester 70 
was attempted under various conditions; however, all reaction conditions gave (>90%) 
recovered rm-tosylate 69. Conditions such as CgHg-DMF (1:1) at 100 DMF at 
25, 60, and 100 °C, refluxing dioxane,^ ®*^  ^ and refluxing acetone^® were employed, 
Nucleophilic substitution probably failed because o f the neopentyl halide character of
O T s
'  N o C ( C O , E t ) ,  /  c O z E l
" " C g H , i — r ^ O T  s -------------- ^ "  n - C g H ,  1
E 1 0 2 C - ^ p C  0 2 E 1
6 9  C O g E 1
70
the substrate and the considerable steric bulk o f the nucleophile. The relative rate for 
nucleophilic substitution (Sj,i2 ) o f an ethyl versus a neopentyl substrate is 10 .^®^  
Nucleophilic substitutions on neopentyl systems are generally so slow that such 
reactions are synthetically useless.®  ^ Substitutions on neopentyl tosylates have been 
successfully conducted, for a few substrates, in HMPT and Mc2SO;^  ^ however, in the 
case o f 69, the additional steric bulk o f the adjacent tosylates and attacking triester, 
and the need for three substitutions made the direct substitution o f the tosylate
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unlikely. These steric difficulties were conveniently circumvented by the incorporation 
o f extender groups.
The trio l 67 was elongated by addition o f a three atom extender. This was 
accomplished by reaction o f trio l 67 with excess t-BuOK in t-BuOH and subsequent 
addition o f chloroacetic acid to give the triacid, which was esterified w ith methanol 
to give (97%) the trimethyl ester 71. Formation o f 71 was evidenced in the NMR 
spectra by the appearance o f two singlets at 5 3.72 and 4.06, assigned to CO2CH3 
and O Œ 2CO2, respectively, and in the infrared spectrum by the ester carbonyl stretch 
at 1750 cm'*.
0  2 M G
, 0 H  1 . C I C H j C Oj H
r .—  t - B u O K ,  t - B u O H
\  2 .  U « O H .  H j S O ^ ,  A
^OH
6 7
7 1
The trimethyl ester 71 was easily reduced with U A IH 4 in ether to give (80%) 
the extended trio l 72. Reduction o f all three esters was shown by the absence of a 
C=0 stretch (1750 cm'*) and the presence o f an -OH stretch (3400 cm'*) in the 
infrared spectrum. In addition, the *^C NMR spectrum o f 72 was rather simple, due 
to the inherent symmetry, and contained the expected 9 signals.
^COjMe ^
L I A I H ^ .  < 1 h t r
n - C s H ,   n-CgH,,—
k
OH
0
k COjMe
7 1
s
OH
7 2
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The trio l 72 was treated with tosyl chloride, as described above, to give (90%) 
the Aff-tosylate 73. The conversion of all three hydroxyls was again determined by 
spectroscopic evidence: the absence of an -OH stretch in the infrared spectrum, the 
integration o f the tosyl methyls (singlet at 6  2.33, 9 H) relative to the alkyl chain 
(triplet at 5 0.78, 3 H; and a broad singlet at 6 1.25, 8 H) in the NMR spectrum, 
and the downfield shift o f the terminal methylene (from 6 61.6 for CH^OH to 69.0 
for CHjOTs) and the expected 14 resonances in the NMR spectrum.
O H  O T s
n - C s H , , —  — ---------- ► n - C ; H , , — ^ 0 '
0^ O 0^
T s
s
O H  O T s
7 2 7 3
Without further purification, the extended tritosylate 73 was alkylated with 
NaC(C0 2 Et)3 in QHg-DMF (1:1) at 110 °C to give (70%) nonaester 74. Successful 
alkylation was most clearly seen in the upfield shift o f the terminal methylene carbon, 
5 69.0 for -CHjOTs to 5 32.2 for -CH2C(C0 2 Et)3. Furthermore, the complete absence 
o f tosyl signals (5 21.5, 128.2, 130.0, 130.1, and 144.9) in the NMR spectrum 
and in the NMR spectrum (5 7.00-7.50, and 5 2.33) substantiated the alkylation 
o f aU three branches.
Construction o f the third tier utilized an amidation procedure. Due to the poor 
solubility o f rm(hydroxymethyl)aminomethane in low polarity solvents, Me2S0  was 
chosen as the reaction medium; thus, reaction o f nonaester 74 with Tris at 70 °C in 
dry Me2S0  gave (90%) [27] arborol 11. The successful transformation o f 74 to 11
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^ 0  ^
S
COjE t
74
is clearly evident from a comparison o f their NMR spectra. The most indicative 
change is a downfield shift o f 4.8 ppm for C=0 (74: 5 166.8 to 11: 6 171.6). 
Secondly, the ethoxy resonances [S 13.8 (CH3) and 62.1 (CHj)] o f 74 completely 
disappear and are replaced by signals at 5 62.5 and 65.1, which are assigned as HNC 
and CHgOH, respectively. Arborol 11 is a very hygroscopic o il due to its inherent 
hydrophilic character, satisfactory elemental analysis (±0.4%) was not obtained even 
after drying under vacuum. Arborol 11 is highly soluble in water, and its aqueous 
solutions possess typical surfactant properties. The 27 terminal hydroxyl groups not 
only impart water solubility, but also allow for possible future tier growth via 
sequential elongation, tosylation, alkylation, and amidation.
Application o f this methodology toward the synthesis o f an arborol w ith a long 
hydrocarbon tail was examined. Octadecanal®'*’®^ was prepared via m ild oxidation of 
1-octadecanol with pyridinium chlorochromate (PCC)^ ®'®’  or pyridinium dichromate 
(PDC)®* under standard conditions. The PCC oxidation gave a tar from which the 
aldehyde was isolated (80%); the PDC oxidation was preferred, since isolation and 
purification of the aldehyde (69%) was less tedious. A Tollens condensation of the 
octadecanal gave the trio l 75. Consistent yields o f the trio l were obtained only when 
the amount o f water introduced was kept to a minimum, e.g. 50% aqueous EtOH 
gave (>90%) recovered aldehyde. Conversion to trio l 75 was evidenced in the *H and
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NMR spectra: disappearance o f the CHO signal (5 179.2) and the presence o f the 
CH2OH signal (S 62.6), and the absence o f a C=0 stretch in the infrared spectrum.
C H, ( CH z) , ; CH 2 0 H ■
C H j ( C H OH
75
Trio l 75 was elongated by treatment with chloroacetic acid, as before, to give 
(69%) the triacid, which was analyzed spectroscopically, then converted (95%) to 
ethyl triester 76. Ether formation was indicated in the NMR spectrum by an 
upfield shift o f the CHjO resonance (5 62.6 to 60.2) and the presence of a C=0 
signal (Ô 178.8). Successful estérification was verified in the NMR spectrum via 
an upfield shift o f the C=0 resonance (5 174.1) and the appearance o f a second 
methyl resonance (OCH2CH3 at 6 14.1). The infrared spectrum confirmed the assigned 
structure: a strong C=0 stretch (1740 cm"*) and no OH stretch.
-COjE tr
OH 1 . CI CHj COj H ^ 0
I t - B u O K .  l - B u O H
- ,  -
, 2 .  E l O H ,  H , S O ^ .  4
U
'O-^COiE t
'OH ^ 0
^COjEt
76
A t this point the ester was treated with Tris to give (82%) the [9] arborol 77, 
which illustrates the versatility o f the synthesis via variation o f the branching pattern. 
The successful amidation was indicated by a downfield shift o f the C=0 in the 
NMR spectrum (6  174.1 to 178.1) and the disappearance o f the OCH2CH3 resonances.
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^COjEt 
^  H , M C ( C H , O H ) ,
C H , ( C H j ) , 5— ( ' ^ O ' ^ C O j E  t ------------------------   CM,
■0
K ; C O , .  I l l , S O
25 'C
'CO jE  I
76
OH
OH
OH
0 CONH OH
0
CONH
OH
OH
77 OH
NMR Spectral Analyses
The 'H  NMR spectra o f 11, 77, and their precursors possess signals characteristic 
o f the appended functional groups in addition to the resonances attributed to the n- 
alkyl moieties, i.e. a triplet (5 0.86) and a broad singlet (6  1.2-1.8). The *H NMR 
spectra of arborols 11 and 77 were rather uninformative; a singlet at ca. 5 3.49 for 
CH2 OU, a broad singlet at ca. 5 2.66, and multiplets at ca. 5 3.32-3.73 for the 
branching methylenes. While *H NMR generally provided only lim ited structural 
information due to the sim ilar chemical shifts o f most o f the hydrogens, NMR 
spectroscopy proved an ideal diagnostic tool because o f the inherent molecular 
symmetry and uniqueness o f the carbon chemical shifts, i.e. a unique signal fo r each 
type o f carbon in the molecule. NMR data for 11 and its precursors (67, 69, 72, 
73, and 74) are summarized in Table Vn.
Complete assignments o f the NMR spectra for 75, 76, and 77 were hampered 
by overlapping signals for the central carbons o f the n-hexadecyl backbone; 
fortunately, transformations on the branch functionality were easily observable. 
Chemical shift assignments were made by comparison with other members o f the 
series and by empirical calculations.®®’*”®
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Table V II. '^ C NMR Data for CH3CH2CH2CH2CH2C(R)3.‘’
Chemical Shift (6)
CHj CHj CHj CHj CHj C R
Compound R_____________________________________ a______ b_____ c______ d______ e_____|_________g_______ h________ i________ j________k________I_______ m_______ n
e# -COjCHjCHj 13.9 22.4 32.2 24.6 33.4 65.9 167.6 62.1 14.0
3  87 -CHjOH 13.9 22.5 32.8 22.6 30.7 42.8 66.73"
(D
■O 89 13.9 21.6 32.0 22.2 28.8 41.8 67.9 145.3 |127.9] (130.1) 129.9 21.7
72 -CHj-CMÏHjCHjOH 14.0 22.6 32.4 23.8 34.5 43.2 78.7 74.1 61.6
0 y—,
73 - CHj - 0 - CH, CH, - 0 - S— 14.0 22.6 32.4 23.8 34.3 43.2 78.6 74.5 69.0 144.9 (128.2) (130.1) 130.0 21.5
m I 74 -CHj-CCHjCHjClCGjCHjCHj), 13.9 22.4 32.8 23.6 34.1 43.3 78.8 67.6 32.2 74.0 166.8 62.1 13.8
11 -CHj4>CHjCHjC(CGNHC(CHjGH)j)j 14.4 23.6 33.5 24.7 35.5 44.5 80.2 70.6 58.1 752 171.6 62.5 65.1
“ Chemical shifts in ( ) have ambiguous assignments.
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Experimental Section
General Comments. A ll melting points are uncorrected and were taken with a 
Thomas-Hoover Uni-Melt apparatus. 'H  and NMR spectra were determined on 
a Varian Associates A-60, IBM  NR/80, IBM  AF/100, Broker WP-200, or Broker 
AM-400 spectrometer in C D C I3 solutions, except where noted, with Me^Si (0.03%), 
as internal standard (5 = 0.0 ppm). Infrared (IR) spectra were recorded on either a 
Perkin-Elmer 621 spectrophotometer or an IBM  Instruments IR/38 fourier transform 
spectrophotometer. Mass spectral (MS) data were determined at LSU by Mr. D. 
Patterson or Mr. H. Land on a Hewlett-Packard HP 5985 GC/mass spectrometer and 
reported herein as (assignment, relative intensity).
Reported Rf values were determined by a standard thin-layer chromatography 
(TLC) procedure: Baker-flex® silica gel IB2-F plates eluted with the stipulated solvent 
system. Preparative thick-layer chromatography (ThLC) utilized 2 mm Brinkmann 
silica gel PF-254-366 plates. Baker silica gel (60-200 mesh) was used for column 
chromatography. Dry flash chromatograpy was performed by the method of 
Harwood*®* using preparative grade silica gel (Brinkmann PF-254-366) and a quartz 
funnel. Elemental analyses were obtained from Micanal Organic Microanalyses, 
Tucson, Arizona.
Solvents. Unless specified, solvents were purified by simple distillation. 
Acetonitrile was stirred over CaH; for 24 h, refluxed over P2O5 for 2 h then distilled, 
then refluxed over CaH^ for 1 h followed by distillation, discarding the first and last 
10% o f the distillate. The product so obtained was pure by GC/MS except for a trace 
o f oxazole. Benzene was washed with H2SO4, then water, dried over CaCL, distilled 
then stored over 3 Â molecular sieves. rm -B utyl alcohol was purified by distillation 
from CaO and multiple crystallizations. /VA^-Dimethylformamide (DMF) was purified
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by the method o f Trisler et and Newkome et Me2S0  was dried and stored 
over 3A molecular sieves. Pyridine was dried over solid KOH then distilled and 
stored over KOH. Tetrahydrofuran was refluxed over metallic sodium, then distilled 
from benzophenone ketyl, immediately prior to use. Diethyl ether was refluxed over 
LiA lH^ then distilled immediately prior to use.
Pyridin ium  Chlorochromate (PCC) was prepared via known procedures.®® 
Chromium trioxide (25 g, 250 mmol) was rapidly added w ith stirring to 6N HCl (46 
mL, 280 mmol). After 5 min, the solution was cooled to 0 °C and pyridine (20 g, 
250 mmol) was carefully added. After standing for 1 h at 0 “C, the mixture was 
filtered then dried in vacuo for 1 h to give (84%) pyridinium chlorochromate, as a 
yellow-orange solid: 45.0 g; mp 203-205 °C (dec) [lit.®®'^ ^ mp 205 °C (dec)].
Pyridin ium  Dichromate (PDC) was prepared via known procedures;®* thus, 
pyridine (80.9 mL, 1.00 mol) was added to a cooled (<30 °C) solution o f CrO^ (100 
g, 1.00 mol) in water (100 mL). The mixture was diluted with acetone (400 mL) and 
cooled to -20 °C, then filtered to give (61%) pyridinium dichromate: 110.1 g; mp 
143-145 °C [lit.®* mp 144-146 °C].
E thyl Sodiomethanetricarboxylate (4d) was prepared*’*® by the addition o f a 
solution o f NaOEt (14.7 g, 216 mmol) in EtOH (50 mL), prepared by the addition 
o f Na (4.97 g, 216 mmol) to EtOH (50 mL) under nitrogen, to an ether solution 
(200 mL) o f triethyl methanetricarboxylate*^ (Id ; 50.0 g, 216 mmol) to give (80%) 
4d: 44.0 g; mp 180-185 °C (dec.); *H NMR (MegSO-dg) 5 1.09 (t, OCH2C //3, J  =
7.0 Hz, 9 H), 3.89 (q, OC//2CH3, J  = 7.0 Hz, 6  H); **C NMR (Mc2S0 -dg) 5 14.6 
(OCH2CH3), 57.02 (OCH2CH3), 76.7 (C40), 169.7 (C=0); IR (KBr) 3384, 2952, 2926, 
2857, 1697 (C=0), 1656, 1615, 1099, 1080 cm *; Anal. Calcd for CjoHijNaOg: C, 
47.25; H, 5.95. Found: C, 47.57; H, 6.31.
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Ethyl 2,2-j5»(ethoxycarbonyI)heptanoate (6 6 ). A stirred solution of 
NaC(C0 2 Et)3 (2.54 g, 10 mmol) and 1-bromopentane (1.51 g, 10 mmol) in QHg- 
DMF (40 mL; 1:1) was refluxed for 20 h. After cooling to 25 “C, CgHg (200 mL) 
was added, the organic solution was washed with HjO (3 x  100 mL), dried over 
anhydrous MgSO^, and evaporated in vacuo. The thick residue was distilled to give 
(83%) the desired triester 6 6 , as a colorless oil: 2.5 g; bp 115-120 °C (3 mm); *H 
NMR 5 0.86 (t, C ^3, 3 H), 1.29 (t, OCH2Œ 3, J  = 7.8 Hz, 9 H), 1.4-2.3 (m, CH^, 
8 H), 4.25 (q, OC//2CH3, J  = 7.8 Hz, 6  H); NMR (see Table 7); Anal. Calcd for 
CisHzoOg: C, 59.58; H, 8.67. Found: C, 59.65; H, 8.71.
2,2-Bis(hydroxymethyl)-l-heptanol (67). Method A. Triester 66  (2.0 g, 6.6 
mmol) in anhydrous ether (10 mL) was slowly added (1 h) to a stirred slurry of 
LiBH^ (260 mg, 12 mmol) in anhydrous ether (30 mL) under nitrogen. The solution 
was refluxed for 4 h, cooled, then hydrolyzed with HjO (5 mL) and dilute H2SO4 (25 
mL). The ether layer was separated and the aqueous layer extracted further with ether 
(3 X 50 mL). The combined ether extract was dried over anhydrous MgSO^ and 
evaporated in vacuo. The residue was recrystallized from CCI4 to give (8 %) trio l 67, 
as white crystals: 167 mg; mp 65-65.5 °C; For physical and spectral data, see Method 
B.
Removal o f the CCI4 from the mother liquor in vacuo gave the crude allyl 
alcohol 6 8 , which was spectroscopically analyzed: ^H NMR 5 0.89 (t, J  = 5.3 
Hz, 3 H), 1.30 [bs, (€7/ 2)4, 8 H ], 3.98 (s, € ^ 2^ ^ ,  2 H), 4.77 (s, OH, 1 H), 4.85 (s, 
C=C/7,Hy, 1 H), 5.00 (s, C=CH^b, 2 H); "C  NMR 5 66.2 (CH2OH), 109.4 
(C-CH2). 149.8 (C=CH2)]; IR (neat) 3457 (OH), 3080 (=CH2), 1655 (R2C=CH2), 1736 
(COH) cm-i.
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Method B. A  mixture o f heptanal (22.8 g, 0.2 mol) and aqueous HCHO (37%, 
120 mL, 1.5 mol) in aqueous EtOH (50%, 200 mL) was heated to 60 °C, then a 
solution o f KOH (11.2 g, 0.2 mol) in aqueous EtOH (50%, 100 mL) was added and 
the solution refluxed for 6  h. Upon cooling, the EtOH was removed in vacuo and the 
aqueous mixture was extracted with ether (3 x  75 mL). The combined ether extract 
was dried over anhydrous MgSO., and evaporated to afford the crude product, which 
was recrystallized from CCI4 to give (60%) trio l 67, as white crystals: 21.1 g; mp 65- 
65.5 °C; ‘H NMR 6 0.88 (t, CH3, J  = 5.3 Hz, 3 H), 1.21 (m, CHj, 8  H), 2.23 (s, 
OH, 3 H), 3.74 (s, C^zOH, 6  H); NMR (see Table 7); IR (KBr) 3300 (OH), 
2935, 2870, 1065 (COH) cm '; MS (C.I.) m it 177 (M++1, 83.2), 159 (M+-OH, 100); 
MS (E.I.) m/e 158 (M^-HjO. 3.2), 57 (M+.C^H^Og, 100); Anal. Calcd for C9H20O3: 
C, 61.36; H, 11.36. Found: C, 61.25; H, 11.14.
2,2-B/^{[(p-tolyIsulfonyl)oxy]inethyl}heptyI Tosylate (69). /?-Toluenesulfonyl 
chloride (3.15 g, 16.5 mmol) was added to a stirred solution o f trio l 67 (880 mg,
5.0 mmol) in dry pyridine (10 mL) at 0 °C. After 3 h at 25 °C, the solution was 
poured into ice-water (60 mL) and extracted with C H jC lj (3 x  30 mL). The combined 
CH2CI2 extract was washed with 2N HCl (100 mL), then water (100 mL), and dried 
over anhydrous MgSO^. Evaporation o f the solvent gave a residue, which was 
recrystallized from CCI4 to give (70%) the trw-tosylate 69, as colorless needles: 2.23 
g; mp 123-124 °C; 'H  NMR 6 0.89 (t, CH^, J  = 5.3 Hz, 3 H), 1.04-1.53 (m, CH. ,^ 
8 H), 2.47 (s, PhC/73, 9 H), 3.78 (s, CH^OTs, 6  H), 7.41 (d, ArH, J  = 8.5 Hz, 6  H), 
7.73 (d, kxH, J  = 8.5 Hz, 6  H); '^C NMR (see Table 7); IR (KBr) 3070, 2935, 2870, 
1365, 1185, 1100 cm ';  MS m/e 638 (M"", 0.2), 466 (M+-C7H2SO3, 0.8), 295 (1.4), 
173 (4.0), 155 (C7H2SO2+, 70.7), 123 (C^H^S^, 33.1), 91 (C?H/, 100); Anal. Calcd 
for C3oH3gOpS3: C, 56.42; H, 5.95; S, 15.04. Found: C, 56.57; H, 5.96; S, 15.10.
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Attempted Reactions o f 2,2-Rw{[(p-tolylsuIfonyl)oxy]methyl)heptyI Tosylate 
w ith NaC(C0 2 E t)3. Method A. A stirred solution o f Na^COgEt); (850 mg, 3.3 
mmol) and tosylate 69 (700 mg, 1.1 mmol) in CgHg-DMF (40 mL; 1:1) was heated 
to 100 °C for 20 h. Upon cooling, the mixture was filtered, QHg (100 mL) was 
added and the solution was washed with water (3 x 100 mL), then 15% NaOH (2 x 
50 mL). The organic layer was dried over anhydrous MgSO^ and the solvent removed 
in vacuo to give a solid; the *H and NMR spectra o f this material were identical 
to the spectra o f pure tosylate 69.
Method B. A solution o f NaC(C0 2Et); (850 mg, 3.3 mmol) and the tosylate 69 
(700 mg 1.1 mmol) in DMF (25 mL) was stirred at 25 °C for 24 h. The mixture 
was diluted with QHg (100 mL), then washed with water (3 x  100 mL) and 15% 
NaOH (2 X  50 mL). The organic layer was dried over anhydrous MgSO^, and the 
solvent evaporated to give recovered 69. The procedure was repeated at 60 °C for 20 
h, and at 100 °C for 20 h; in both cases unreacted tosylate 69 was recovered.
Method C (D). A  stirred solution of NaC(C0 2 Et)g (850 mg, 3.3 mmol) and the 
tosylate 69 (700 mg, 1.1 mmol) in dry dioxane (Method D: acetone) (75 mL) was 
refluxed for 24 h. After cooling, the mixture was filtered and the solvent removed in 
vacuo to give recovered tosylate 69.
Methyl 5,5-Bis(3-inethoxycarbonyl-2-oxaprDpyl)-3-oxadecanoate (71). A stirred 
solution o f 67 (1.76 g, 10 mmol) in r-BuOH (40 mL) was treated with r-BuOK (8.42 
g, 75 mmol) under nitrogen. Chloroacetic acid (4.25 g, 45 mmol) in r-BuOH (20 mL) 
was added slowly and the reaction refluxed for 4 h. A fter cooling, concentrated HCl 
(4 mL) was added and the solvent removed in vacuo. The residue was dissolved in 
CgHg and dried by azeotropic distillation. The remaining CgHg solution was filtered, 
and then evaporated to give (98%) the desired acid; 3.43 g; 'H  NMR 5 0.88 (t, CH^,
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J  = 5.4 Hz, 3 H), 1.35 (m, C //2, 8 H), 3.6 (s, CH^O, 6  H), 4.25 (s, C i/jC O jH , 6  H), 
10.7 (s, CO2H, 3 H).
W ithout further purification, a solution o f this acid in anhydrous MeOH (25 mL) 
w ith a trace o f /?-toluenesulfonic acid (30 mg) was refluxed for 24 h. After cooling, 
the excess MeOH was evaporated and the crude ester was dissolved in CH2CI2 (50 
mL), washed with saturated aqueous NaHCOs (2 x 50 mL), then H2O (50 mL) and 
dried over anhydrous MgSO^. Evaporation o f the solvent and distillation in vacuo 
gave (97%) ester 71: 3.72 g, bp 180 °C (0.8 mm); *H NMR 6  0.86 (t, CH^, J  = 5.3 
Hz, 3 H), 1.30 (m, 8 H), 3.46 (s, CH^O, 6  H), 3.72 (s, CO2CH3, 9 H), 4.06 (s,
OCH2 CO2 , 6  H); IR (neat) 2925, 2880, 1750, 1125, 1045 cm '; MS m/e 319 (M+- 
CH2CO2CH3, 2.1), 261 (3.6), 243 (15.8), 215 (5.2), 200 (30), 191 (54.4), 167 (5.5), 
156 (49.4), 143 (C7H i5Ü2^  100), 127 (41.4), 111 (35.4), 103 (Q H 7O3+, 75.6), 91 
(92.7); Anal. Calcd for CigH320g: C, 55.10; H, 8.16. Found: C, 55.19; H, 8.35.
5,5-^/j:(4-hydroxy-2-oxabutyI)-3-oxa-l>decanol (72). Triester 71 (1.96 g, 5 
mmol) in anhydrous ether (10 mL) was added dropwise to a stirred suspension of 
L iA lH ^ (190 mg, 5 mmol) in anhydrous ether (50 mL) under nitrogen. The mixture 
was refluxed for 24 h, cooled, and hydrolyzed by sequential addition o f H2O (0.25 
mL), 15% NaOH (0.75 mL), and H2O (0.25 mL). The ethereal solution was filtered, 
dried over anhydrous MgSO^, and evaporated in vacuo to give a residue, which was 
vacuum distilled to afford (80%) trio l 72: 1.22 g; bp 180 ®C (1.0 mm); *H NMR 5
0.89 (t, Œ 3, J  = 5.6 Hz, 3 H), 1.25 (m, C %  8 H), 2.67 (s, OH, 3 H), 3.58 (s, 
CH2 O, 6  H), 3.6 (m, OOT2CH2OH, 6  H), 4.4 (m, OCH2C ^2 0 H, 6  H); NMR (see 
Table 7); IR (neat) 3400, 2930, 2820, 1120, 1040 cm '; MS m/e 278 (M^-CHjO, 0.1), 
172 (8.2), 135 (13.4), 128 (9.5), 115 (19.0), 101 (13.6), 91 (16), 87 (15.7), 73 
(C3H ;0 2 \  100); Anal. Calcd for CijHsjOg: C, 58.44; H, 10.39. Found: C, 58.06; H,
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10.43.
5^-fiw{2-oxa-4-[(p-tolylsulfonyl)oxy]butyI}-3-oxadecyl Tosylate (73). An excess 
o f p-toluenesulfonyl chloride (1.49 g; 7.8 mmol) was added to a solution of trio l 72 
(400 mg; 1.3 mmol) in dry pyridine (10 mL) at 0 ®C. The mixture was stirred at 25 
°C for 3 h, then poured into ice-water (50 mL) and extracted with CH2CI2 (2 x 50 
mL). The combined extract was washed with 10% aqueous HCl (40 mL), saturated 
aqueous NaCl (40 mL), and water (50 mL), then dried over anhydrous MgSO^. 
Evaporation o f the solvent gave a thick oil, which was chromatographed on silica gel 
(MeOH-QHg; 1:10) to give (90%) 73: 900 mg; ‘H NMR S 0.87 (t, C //3 , J  = 5.3 Hz, 
3 H), 1.25 (m, CH^, 8 H), 2.33 (s, PhCT/j, 9 H), 3.41-3.62 (m, CH2 OCH2 , 12 H),
4.12 (m, OCH2Œ 2OTS, 6  H), 7.42 (d, AxH, J  = 8.5 Hz, 6  H), 7.71 (d, ArH, J  = 8.5 
Hz, 6  H); NMR (see Table 7); IR (KBr) 3030, 2935, 2870, 1355, 1175, 1130, 
1030 cm' ;  MS m/e 326 (M+-C;pH240gS2, 1.1), 269 (1.4), 217 (7.1), 199 
(CgHijOsSMOO), 173 (27.5), 155 (45.6), 139 (3), 127 (3.5), 110 (25.6), 91 (Q H /, 
85.7).
Tetraethyl 10-[[4-Ethoxy-3,3-6i5(ethoxycarbonyl)-4-oxobutoxy]methyI]-4,16- 
dioxu-10-pentyl-3,8,12,17-tetraoxanonadecane-5,5,15,15-tetracarboxylate (74). A 
QHg-DMF solution (10 mL; 1:1) o f /rw-tosylate 73 (200 mg, 0.26 mmol) and 
NaC(C0 2 Et)3 (200 mg, 0.80 mmol) was stirred at 110 °C fo r 24 h. After cooling, 
QHg (30 mL) was added and the mixture was washed with water (3 x  40 mL), 
dried over anhydrous MgSO^, and evaporated in vacuo to give the crude nonaester 
74, which was vacuum distilled: 173 mg (70%); bp 180-185 ®C (2 mm); 'H  NMR 
5 0.89 (t, CH^, 3 H), 1.19-1.39 (m, 0 %  8 H), 1.28 (t, CO2CH2C /Ï3, J  = 7.7 Hz, 
27 H), 2.46 (t, OCH2C //2C, J  = 7.6 Hz, 6  H), 3.50-3.70 (m, CH2 OCH2 , 12 H), 4.30 
(q, CO2C //2CH3, J = 7.7 Hz, 18 H); NMR (see Table 7); Anal. Calcd for
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C45H74O21: C, 56.84; H, 7.79. Found: C, 57.12; H, 8.03.
l,19-Dihydroxy-iV^VV'VV"'-/c<raWs[2-hydroxy-l,l-Ws(hydroxymethyl)ethyl]- 
10-[[4-[[2-hydroxy-l,l-Ws(hydroxymethyl)ethyl]amino]-3,3-Ws[t[2-hydroxy-l,l-Ws- 
(hydroxymethyl)ethyI]ainino]carbonyl]-4-oxobutoxy]methyl]-2,2,lS,lS-^e^ra- 
A75(hydroxyinethyl)-4,16-diDxO'10-pentyl-8,12-dioxa-3,17-diazanonadecane-5^,15,15- 
tetracarboxamide (11, [27]-Arborol). A mixture o f nonaester 74 (28.5 mg, 30 mmol) 
and tr/j(hydroxymethyl)aminomethane (36 mg, 300 mmol) in MegSO (10 mL) with 
anhydrous K^CO^ (100 mg) was stirred for 6  h at 70 ®C under nitrogen. The mixture 
was cooled, filtered, and the solid washed with E tO H . The filtrate was evaporated to 
give a residue, which was extracted with E tO H . The extract was evaporated and the 
resulting solid triturated with C H CI3 (2 x  30 mL) to afford (90%) arborol 11, as a 
thick oil: 44 mg; ‘H NMR (C D 3O D ) 5 0.89 (t, CH^, J  = 5.3 Hz, 3 H), 1.30 (m, C %  
8 H), 2.66 (t, OCH2C //2, J  = 7.6 Hz, 6  H), 3.32-3.73 (m, CH2 OCH2 , 12 H), 3.49 (s, 
CH2 OU, 54 H), 6.09 (bs, NH, 9 H); NMR (see Table 7); IR (KBr) 3443, 2955, 
2924, 2853, 1740, 1609, 1420, 1402, 1123, 984, 619 cm '.
Octadecanal. Method 1-Octadecanol (27.05 g, 100 mmol) dissolved in 
CH2CI2 (50 mL) was added to a stirred slurry o f PCC (32.3 g, 150 mmol) in CH2CI2 
(200 mL); after 2 h, ether (200 mL) was added. The ether layer was decanted and 
the tar was washed with ether (3 x  50 mL). The combined ether fraction was 
concentrated in vacuo, and the solid mass was passed through a short Si0 2  column 
(CHCI3), then evaporated to give (80%) octadecanal: 21.5 g; mp 52-54 °C [lit.^^ mp 
55 °C]; for spectral data, see Method B.
Method B. 1-Octadecanol (19.2 g, 71 mmol) was added to a slurry of PDC 
(40.0 g, 106 mmol) in CH2CI2 (200 mL). After 24 h, ether (100 mL) was added and 
the mixture filtered. The solid residue was washed with ether (3 x  75 mL) and the
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combined organic phase was evaporated in vacuo to give the crude aldehyde, which 
was preabsorbed onto SiOg (12 g) by evaporation from C H CI3 (15 mL), and 
chromatographed (SiOj, C H C I3) to give (69%) octadecanal, as a waxy white solid: 
13.15 g; mp 52-54° C; 'H  NMR 5 0.87 (t, CH^, J  = 5.3 Hz, 3 H), 1.25 [s, (CH;);^, 
28 H], 2.42 (dt, C Z /jC H O , J  = 1.9, 5.4 Hz, 2 H), 9.80 (t, CHO, 7 = 1.9 Hz, 1 H);
NMR 6  13.9 (CH3), 22.6, 24.7, 29.0, 29.2, 29.3, 29.6, 31.9, 33.8, 179.2 (CHO).
2,2-fi/s(hydroxymethyl)-l-octadecanol (75). Octadecanal (5.0 g, 18.6 mmol) 
was dissolved in EtOH (60 mL) by warming to ca. 60 °C. Aqueous HjCO (6.0 mL, 
37%, 74.0 mmol) was added; there was some in itia l precipitation which slowly 
dissolved. A solution o f NaOH (4.0 g, 100 mmol) in aqueous EtOH (67%, 60 mL) 
was added, and the reaction was refluxed for 3 h. After cooling, the mixture was 
concentrated in vacuo, then extracted with ether (3 x  30 mL). The combined ether 
extract was dried over anhydrous MgSO^ and evaporated to afford crude trio l, which 
was recrystallized from CHCI3 to give (81%) pure trio l 75, as a crystalline white 
solid: 5.0 g; mp ; ‘H NMR Ô 0.88 (t, CZ/3, J  = 5.3 Hz, 3 H), 1.25 [s, (CZ/j)^, 28 
H), 1.55 (t, CCZZj, J = 6.5 Hz, 2 H), 3.20 (s, OH, 3 H), 3.75 (s, CZZ^OH, 6  H); 
NMR 5 13.7 (CH3), 21.9, 22.3, 28.6, 28.9, 29.3, 30.3, 31.2, 62.6 (CH^OH); IR (KBr) 
3439, 2955, 2919, 2851, 1472, 1007, 720 cm'*; Anal. Calcd for C20H42O3: C, 72.67; 
H, 12.81. Found: C, 72.96; H, 13.05.
E thyl 5,5-Bis(3-ethoxycarbonyl-2-oxapropyl)-3>oxaheneicosanoate (76). The 
trio l 75 (2.0 g, 6.05 mmol) and r-BuOK (5.43 g, 48.4 mmol) were dissolved in t- 
BuOH (40 mL) under nitrogen, and a solution o f chloroacetic acid (1.88 g, 19.9 
mmol) in r-BuOH (20 mL) was added. The reaction was refluxed for 6  h, cooled, 
then concentrated HCl (5 mL) was added and the solvent removed in vacuo. The 
solid was dissolved in CgHg, dried by azeotropic distillation, the solution filtered.
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and evaporated to give (69%) the triacid: 2.10 g; *H NMR 5 0.87 (t, CH^, J  = 5.3 
Hz, 3 H). 1.25 [s, {CH2 )i4 , 28 H], 1.65 (t, CCH2 , J  = 6.5 Hz, 2 H), 3.41 (s, CCH2 O, 
6  H), 3.95 (s, OCH2 CO2 , 6  H), 10.7 (s, CO2 H, 3 H); NMR 5 13.9 (CH3), 22.5,
24.6, 27.2, 29.0, 29.1, 29.2, 29.3, 29.5, 29.7, 31.8, 33.9, 40.4, 60.2 (CHjO), 178.8 
(CO2H).
Without further purification, a solution o f the triacid and H2SO4 (1 mL) in 
anhydrous EtOH (50 mL) was refluxed for 2 h. Upon cooling, the EtOH was removed 
and the crude ester was dissolved in CH2CI2 (25 mL), washed with saturated aqueous 
NaHCOg (2 X 50 mL), then water (50 mL), dried over anhydrous MgSO^ and 
evaporated to give (95%) the triester 76: 2.33 g; mp 33-34 °C; 'H  NMR Ô 0.87 (t, 
CH3, J  = 5.3 Hz, 3 H), 1.24 (t, OCH2CH3, J  = 7.1 Hz, 9 H), 1.25 [s, (€^ 2^)1 4, 28 H], 
1.60 (t, CCH2 , J  = 6.5 Hz, 2 H), 3.44 (s, CCH2 O, 6  H), 4.00 (s, OCH2 CO2 , 6  H),
4.12 (q, OCH2CH3, J  = 7.1 Hz, 6  H); "C  NMR 5 13.9 (CH3), 14.1 (OCH2CH3),
22.6, 24.9, 29.1, 29.2, 29.4, 29.6, 31.8, 34.3, 60.0 (OCH2CH3), 174.1 (CO2); IR (KBr) 
2955, 2921, 2851, 1740, 1474, 1464, 1181, 729, 720 cm '; Anal. Calcd for C32H60O9: 
C, 65.27; H, 10.27. Found: C, 65.57; H, 10.50.
8 ,8 -Bw[[2 -[[2 -hydroxy-l,l-iw(hydroxymethyl)ethyl]ainino]-2 -oxoethoxy]- 
methyl]-2,2-6ir(hydroxymethyl)-6-oxa-4-oxO'3-azatetraeicosan-l-oI(77, [9]-Arborol). 
A  mixture o f ester 76 (2.00 g, 3.40 mmol) and Tris (1.36 g, 11.2 mmol) in anhydrous 
Mc2S0  (5 mL) with anhydrous K2CO3 (100 mg) was stirred for 15 h at 60 °C. After 
cooling, the mixture was filtered then evaporated in vacuo. The crude arborol was 
recrystallized from MeOH to give (82%) 77, as a white solid: 1.87 g; mp 263-265 
“C (dec); 'H  NMR (MegSO-^g) 5 0.87 (t, CH^, J  = 5.3 Hz, 3 H), 1.32 [s, (C ffg)^. 
28 H ], 1.57 (t, C //2C, J = 5.4 Hz, 2 H), 3.36 (s, CCAT^O, 6  H), 3.59 (s, C /fjO H, 18 
H), 3.87 (s, C //2CO, 6  H), 7.26 (s, NH, 3 H); "C  NMR (Me2S0 -&lg) 5 14.3 (CH3),
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30.2, 30.4, 30.7, 57.9, 62.8, 65.0, 178.1 (CONH); IR (KBr) 3443, 2955, 2917, 2851, 
1563, 1472, 1441, 1422, 718 cm'*; Anal. Calcd for CagH^sNsOg: C, 68.12; H, 11.28; 
N, 6.27. Found: C, 68.02; H, 11.45; N, 3.41.
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Chapter 3. Synthesis and Characterization of Two-directional 
Cascade Molecules/
Introduction
The synthesis o f the model arborols 11^ ® and 77 provided the foundation 
necessary for the synthesis o f other arboreal molecules. Arborols 11 and 77 are 
considered "one-directional" cascade polymers in that they possess a central "trunk" 
(core) attached to a single cascade sphere. An obvious extension o f this concept was
HO
OH
HO (  C M "  > C . O H
H N C O — U C O M H  ( y — OH
H N C O  /  C O N h' ^ ^ 0
HO )  H N C O  ^ 0  /  0— '  C ON H  /  ' q
"»°oT S  ^  r V o ° " "
OH OH /  HO HO
to attach additional cascade spheres to the hydrocarbon backbone. The addition o f a 
second sphere w ill affect the aggregation o f the arborols by changing the overall 
topology; further addition o f spheres may eventually lead to a unimolecular micelle,
i.e. a highly branched, specifically shaped molecule w ith an aggregation number of 
one. The attachment or construction o f cascade spheres onto each end o f a 
hydrocarbon chain forms a "two-directional" arborol. The molecular shapes o f the one- 
and two-directional arborols are illustrated in Figure 4; the one-directional model (A) 
resembles a molecular "tree" while the two-directional model (B) corresponds to a 
complete molecular "tree" (i.e., includes the accompanying root system). Trees with
^ewkom e, G. R.; Baker, G. R.; Saunders, M. J.; Russo, P. S.; Gupta, V. K.; 
Yao, Z.-Q.; M iller, J. E.; Bouillion, K. J. Chem. Soc., Chem. Commun. 1986, 752.
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a true m irror image do not exist in nature since the branching o f the root system is 
generally orders o f magnitude more intricate than the above ground portion o f the tree 
and does not necessarily follow  the same branching pattern/
/T
(a) (b)
Figure 4. Topology of One- and Two-Directional Arborols.
The lipophilic interior o f these two-directional molecules should be able to 
solubilize hydrocarbons in an aqueous environment. The solubility o f organic 
molecules around the lipophilic surface w ill depend upon several factors: the length 
o f the hydrocarbon backbone, incorporation o f functionality along the backbone, 
flex ib ility  o f the backbone, and the size o f the cascade spheres. Construction o f the 
aiborol w ith a catalytic moiety appended to the lipophilic backbone w ill give an 
enzymatic model where catalysis occurs at a lipophilic site within a hydrophilic 
environment.^ ®
The synthesis of a series of two-directional arborols was undertaken to explore 
some o f these concepts. The attachment o f the molecular spheres was simplified to 
a two-step procedure; reaction of a dibromoalkane with triethyl sodiomethanetri- 
carboxylate, followed by amidation w ith rm(hydroxymethyl)aminomethane ("Tris"). 
This truncated procedure should give high overall yields while providing nine 
hydroxyl moieties per sphere to impart the desired water solubility. These spheres 
are not as highly branched or extended as those of arborols 11 and 77; however, 
CPK molecular models indicate that these spheres w ill have a radius of ca. 12 Â.
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The fam ily naming is [m]-n-[p] arborol, where m and p  designate the number of 
terminal groups for each sphere and n denotes the length o f the hydrocarbon bridge. 
The hydrocarbon (lipophilic) backbone connecting the two spheres generates an inner 
surface, which is lipophilic in character and should be highly compressed in an 
aqueous solution in  the absence of aggregation. Molecular modelling o f a [9]-10-[9] 
arborol illustrates this concept, where Figure 5(a) shows the compressed conformation 
o f the arborol while Figure 5(b) shows the extended conformation. The structures 
were obtained from q u a n t a /c h a r M iu  modelling software.*®® Each conformer was 
solvated (water), minimized, subjected to a brief dynamics simulation (20  ps), and 
minimized again. The compressed conformation shown is ca. 12 kcal/mole lower 
(without solvent, 56 kcal/mole w ith water) in energy than the extended conformer; the 
energy difference arises primarily from the electrostatic and Van der Waals 
components o f the force field.
(a) (b)
Figure 5. Compression of Two-Directional Arborols in Aqueous Solution.
Synthetic Aspects
The first series of two-directional arborols was prepared by a two-step 
nucleophilic substitution-amidation procedure. The hexaethyl esters 78(a-k) were 
prepared (72-82%) by the reaction o f the appropriate l,w-dibromo- or 1,0)- 
di(mesyloxy)alkane with NaC(C0 2 Et)3 in a CgHg-DMF (1:1) solvent mixture at 90 
°C for 24 h; shorter reaction times resulted in the recovery of some unchanged
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starting material. Because o f the essentially hydrocarbon backbone o f 78(a-k), the 
*H NMR spectra were quite simple; a triplet (5 1.21, J  = 7.1 Hz) and a quartet (5 
4.20, 7 = 7.1 Hz) for the ester methyl and methylene, respectively, and a broad 
singlet (Ô 1.50) for the bridging methylenes. The infrared spectra of these hexaesters 
are all similar: characterized by a C=0 stretch at ca. 1740 cm"* and C -0 stretches at 
1267 and 1223 cm"*.
N o C ( C O j E f  ) j  ^ C O j E  t
X - ( C H 2 ) „ — X ----------------------------- ^  E t 0 2 C - ^ ( C H 2 ) „ — f - C O ^ E t
C . H . - D M F  (1:1) ' '
X-Br: n-J 11,13 gg . g  ^ 24 h t I U j C  CUjLt
X-OMs: n-12
7 0
n-3.4..............12,13
The *^C NMR spectial data for 78(a-k) are summarized in Table V III. The *^C 
NMR spectra confirmed the proposed structures o f 78(a-k) since unique resonances 
were obtained for each o f the carbons. The triester moiety has 4 characteristic peaks: 
ca. 5 14 for the -OCH2CH3; ca. 5 62 for the -OCH2CH3; ca. 5 65.8 for the Q .; and 
ca. 5 168 for the C=0. The methylene adjacent to the triester has a chemical shift 
o f ca. 5 33.5. The bridging methylene carbons gave chemical shifts which agreed 
with empirically calculated values.^ ®
The hexaethyl esters 78(a-k) were converted to the desired [9]-n-[9] arborols 
79(a-k) by reaction with /r/j'(hydroxymethyl)aminomethane in Me2S0  at 70 °C via 
the procedure previously described;^^ however, purification o f the products proved 
extremely difficu lt. The sim ilar solubility properties o f the [9]-n-[9]arborols and Tris 
made separation by precipitation impossible; thus, a modification o f the reaction 
conditions was deemed appropriate and several variations were investigated. Based 
upon the results of Prelicz et a lP  the reaction o f 78d with Tris neat at 120-140 °C 
was attempted, however, only a paucity of 79d was obtained; the remainder of the
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o' Table V III. '^C NMR Spectral Data for the Hexaesters 78.“
"C  NMR Data (8)CD8
(S'
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3
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Cp.
CD■o
OÛ.ca
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3"O
a
■o
CD
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lompound n
Yield
(%)
(CH3 CHg OgC), 0 GHg CH2 CHg CHg CHj CHg
78a 3 72 14.0 62.2 167.3 65.8 33.6 20.7
78b 4 80 14.0 62.1 167.4 65.8 33.0 25.3
78c 5 80 14.0 63.3 168.9 66.6 34.9 25.9 30.9
78d 6 77 14.0 62.0 167.5 65.8 33.4 24.9 29.7
78e 7 80 14.0 62.1 167.5 65.8 33.5 24.8 28.9 29.9
781 8 81 14.0 62.1 167.5 65.9 33.5 24.9 29.2 30.0
78g 9 82 14.0 62.0 167.5 66.3 33.5 24.9 29.3 29.5 30.0
78h 10 78 14.0 62.1 167.6 65.9 33.5 25.0 29.3 [30.0] [30.1]
781 11 80 13.8 61.8 167.2 65.6 33.2 24.7 [28.8] [29.1] [29.4] [29.8]
78] 12 75 13.7 61.8 167.2 65.5 33.2 24.6 [28.7] [29.0] [29.3] [29.7]
78k 13 81 13.7 61.7 169.2 65.5 33.1 24.6 [29.0] [29.3] [29.4] [29.4]
CHj
[29.7]
' Chemical shifts listed in | ) have ambiguous assignments.
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material was an intractable brown solid.
The next variation was the attempted amidation o f the hexaester 78d in a suitable 
solvent without added base; MejSO was again chosen since it solubilized both 
reagents (hexaester and Tris) and allowed reaction temperatures above 100 °C. When 
a Mc2SO solution of the hexaester 78d and Tris was stirred for 15 h at 25 °C, 
unreacted ester 78d and amine were recovered (>90%), as determined from the 
NMR spectra o f the CH2CI2 ^nd water soluble components, respectively. Analogous 
results were obtained when this reaction was repeated at higher temperatures (up to 
130 “C); however, addition o f anhydrous K 2CO3 to the reaction at 130 °C caused a 
color change (clear to light yellow) in approximately 30 min. NMR analysis of the 
crude product mixture showed the presence of the arborol 79d, some unreacted Tris-, 
and no traces o f ester contaminates. Decreasing the reaction temperature to 25 °C 
and using an exact 6:1 molar ratio o f Tris to ester afforded good yields (88-93%) 
o f the [9]-n-[9]-arborols, which were free o f unreacted Tris.
^ H,NC(CH,OH)j‘ 1 ; ‘  n , E ( i ,
E I 0 j C - ^ ( C H 2 ) „ — f - C O j E t  ------   :-----—, HO
E 10,C COjE t ‘••fSO. K,C0j
J S  ’ C,  I S  h
7 8
n . 3 . 4 ..............1 2 . 1 3
HO
HO
HO " 0 OH OH
\  HNCO
S - H N C O - ^ ( C H ; ) . -  
/  HNCO
CONH ^  
- ( - C  0 N H - / ^ 0  H 
CONH V m u
HO HO
/ T "
OH OH
7 9
l )>3 , 4 ..............1 2 , 1 3
The NMR spectra of 79(a-k) were quite simple, consisting of a broad singlet 
(6  1.5) fo r the bridging methylenes, a broad singlet (6  ~3.7) for the hydroxy- 
methylenes, and a broad singlet (5 -5.2) fo r the amide hydrogen. NMR again 
proved to be the ideal tool fo r structural verification; NMR spectral data for 79 
are given in Table IX , The complete transformation o f 78 to 79 is evidenced by an
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8 ppm downfield shift o f C=0 (78: 5 ~167 to 79: 5 ~175), the disappearance o f the 
-OCH2CH3 resonances (78: ô 62.2 and 14.0, respectively), and the appearance of 
NHC and CHjOH resonances (79: S 64.8 and 63.2, respectively).
The IR spectra o f the arborols 79(a-k) are practically superimposable; there is 
a broad 0-H  stretch at ca. 3320 cm'* and C-H stretches at 2953, 2924, 2855 cm'*. 
The presence o f the amide moiety was indicated by amide I (1651 cm'*) and amide 
n  (1628 cm'*) bands and the absence of the ester carbonyl stretch (1740 cm'*). The 
ultraviolet spectra of these arborols show only one absorption (i.e. 79h: X, = 212 nm, 
£ = 4674 L*mole'*cm'*). Attempted melting point determinations for the [9]-n-[9]- 
arborols 79 resulted in effervescent, decomposition over a broad temperature range (ca. 
120-160 °C). Heating the arborols at these temperatures probably causes oxazoline 
formation via loss of water;***’  oxazoline formation w ill be discussed in more detail 
below. The purity of 79 was established by the absence o f extraneous peaks in the 
*^C NMR spectra (>95%), and by reversed-phase HPLC (>97%). A ll the [9]-n-[9] 
arborols are slightly hygroscopic, water soluble solids and their aqueous solutions 
foam upon agitation. From this series, the [9]-n-[9] arborols w ith connecting 
hydrocarbon chains o f 10 or more carbons (10 < n < 13) have the distinction of 
forming thermally reversible, thixotropic***® aqueous gels***® at concentrations as low 
as 1.0 wt%. The gel formed by [9]-10-[9] arborol (79h) was subsequently studied to 
elucidate its structural properties.
A series o f [6 ]-n-[6 ] arborols (81) was prepared to investigate the relationship 
o f cascade sphere size and linkage distance to gel formation; these arborols were 
obtained by the use o f CH2(C0 2 Me)2 in  place of CH(C0 2 Et)3.**** The tetraesters 80 
were prepared by the reaction o f a l,to-dibromo- or 1,0)-di(mesyloxy)alkane with an 
excess o f dimethyl malonate in DMF with K2CO3, as base. The *H NMR spectra of
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80 consist o f a broad singlet {ca. 8 1.3) fo r the methylenes o f the central backbone, 
a multiplet {ca. 8  1.9) for the methylene adjacent to the malonate methine, a triplet 
{ca. 8  3.35) for the malonate methine, and a singlet {ca. 8  3.73) for the methyl ester. 
The infrared spectra o f the tetraesters are characterized by a C=0 stretch at 1757 and 
1736 cm ' and C-0 stretches at 1202 and 1157 cm '. Table X details the '^C NMR 
spectral data for the tetraesters 80. The *^C NMR spectra verified the structure of 
80(a-l): an upfield shift o f the substituted methylene (CH^Br: ca. 8  33 to 
CH2CH(CÜ2Me)2: ca. 8 29) and appearance o f the 3 peaks characteristic of the 
methyl malonate moiety (8  ca. 51.5, 52.5, and 170.2 for the methine, methyl ester 
and carbonyl, respectively). The peaks for the remaining methylenes had chemical 
shifts in agreement with the predicted values.^^’'®"
HjC(cOjU.)j MeOjC C02Me
X~(CH2 )„— X ---------------------------------------------------- MeO,C— CH,) .— f-CO,Me
DMF. KjCO,. 25 -c ' H
X*Br; n*J 11,15 for 2 4 h, lhan 100 "C
X-OM»: n-12 for 2 h g g
n- î .4 ...........12.13
The reaction o f 1,2-dibromoethane with excess methyl malonate gave only the 
expected dimethyl 1,1 -cyclopropanedicarboxylate ' ' ' via dialkylation. Similarly, the 
reaction of 1,4-dibromobutane with excess methyl malonate gave dimethyl 1,1-cyclo- 
pentanedicarboxylate and a paucity (7%) o f the desired 80c.
The tetraesters 80 were converted to the [6 ]-n-[6 ] arborols 81 by the procedure 
described above for the [9]-n-[9] arborols. The 'H  NMR spectra o f 81(a-l) consisted 
of: two broad singlets {ca. 8  1.15 and 1.60) for the bridging methylenes, a broad 
singlet {ca. 8  3.54) for the hydroxymethylenes, and a broad singlet {ca. 8  7.41) for 
the amide hydrogen. '^C NMR spectral data for 81 are given in Table X I. '^C NMR 
verified the complete amidation o f the tetraester: there was a 1.0 ppm downfield shift
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80a 1 70 52.8 169.2 49.2 27.5
80b 3 67 52.4 169.7 51.2 28.2 24.7
80c 4 7 52.5 170.1 51.7 28.6 27.0
80d 5 73 52.8 169.9 51.5 28.5 26.8 28.6
80e 6 95 52.3 170.0 51.6 28.8 27.1 28.7
801 7 95 52.5 170.2 51.8 28.8 27.3 [29.0] [29.1]
80g 8 80 52.5 170.2 51.8 28.9 27.4 [29.2] [29.2]
80h 9 87 52.1 170.0 51.5 28.9 27.0 28.6 [28.9] [29.0]
801 10 94 52.5 170.2 51.9 28.9 27.4 [29.2] [29.3] [29.5]
80] 11 94 52.1 169.9 51.5 28.9 27.1 28.6 [29.0] [29.2] [29.2]
80k 12 92 52.4 170.2 51.8 28.9 27.4 [29.2] [29.3] [29.5] [29.6]
801 13 81 52.2 170.0 51.5 29.0 27.1 28.6 [29.0] [29.1] [29.3]
CHg
[29.4]
' Chemical shifts listed in [ j have ambiguous assignments.
o
7]
of C=0  (80: 5 170 to 81: ô 171), disappearance o f the -O CH3 resonances (80: ca. 
S 52.5), and appearance of the N H C  and C H 2O H  resonances (81: ca. 5 62.2 and 
60.5, respectively). The IR spectra o f the arborols 81(a-I) are all similar: a broad O- 
H  stretch at 3312 cm'* and C -H  stretches at 2949, 2926, 2857 cm'*. The amide 
moiety was confirmed by the presence o f amide bands (1655, 1632 cm'*). As with 
79, attempted melting point determinations of 81 resulted in effervescent 
decomposition at temperatures o f 120-160 °C. As with the [9]-n-[9] arborols, the 
purity o f 81 was established by the absence o f extraneous peaks in the *^C NMR 
spectra (>95%), and by reversed-phase H P L C  (>97%). Gelation was also observed 
with 81, but with shorter hydrocarbon chains (8  < n ^  13) than with 7 9 .
HO MO OH OH
HO-s^Jy y__/OH
“ •°»*; P : " '  H,Nc,c«.OH,, H N C O  CONH
MeOjC-4— (CH,)„— f-CO,Me  ► HO S - H N C O y — ( C H j , — f - C O N H - ( ^ O H
H H H O ^  H H
2 5  * C .  1 5  h
8 0  81 
n > J . 4 ................ 1 2 . 1 5  n - 5 . 4 ..................1 2 . 1 3
Three representative [3]-n-[3] arborols were prepared to evaluate the lower lim it 
o f the cascade sphere size to gel formation relationship. Dimethyl pimelate and 
dimethyl dodecane-1,12 -dioate were prepared from the corresponding diacids via 
Fischer estérification, and gave physical and spectral properties in agreement with 
literature data. These diesters and dimethyl glutarate were treated w ith Tris under the 
conditions described above to give the [3]-n-[3] arborols 82(a-c). The *H NMR 
spectra of 82 consisted o f upfield signals indicative of the hydrocarbon backbone and 
downfield singlets at ca. 5 3.5, 4.75, and 7.0 for the hydroxymethylene, hydroxyl, and 
amide hydrogens, respectively. *^C NMR spectra gave peaks for each unique carbon; 
the signals characteristic o f the amide functionalities were 6 35.0 for CHjCONH, 5
60.7 for CH2OH, 6  62.0 for C40, and 5 174.0 for C=0. The infrared spectra also
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confirmed the amide functionality: ca. 1630 cm'* (amide 1), ca. 1570 cm * (amide II), 
and the absence o f an ester carbonyl stretch at 1740 cm *. Unfortunately, the [3]-n- 
[3] arborols were not appreciably water soluble.
H,IIC(CH,OH),  \
W # 0 ;C - ( C H ; ) .— CO;We • H O ^ ^ ^ H N O C - ( C H , ) „ — CONH— r ^ O H
H * , 5 0 .  H jC O j — n w
25 "C . 24 h
82 
n • 5 • 5 t I 0
The generality o f these amidation conditions was examined via reaction o f a 
hexaester with several other amines. The hexaester 78f (n = 8 ) was treated with t- 
butylamine (83a), 4-amino-1-butanol (83b), 3-amino-1-propanol (83c), 2-amino-1- 
ethanol (83d), 2-amino-2-methyl-l-propanol (83e), and 2-amino-2-methyl-1,3-propane- 
diol (83f) employing the same conditions used for Tris. The crude residue from each 
reaction was analyzed by *^C NMR spectroscopy; the occurrence o f amidation or 
decarboxylation was discerned by comparison with the *^C NMR spectra o f 78f, 79f, 
80g, and 81g. The t-butylamine and 4-amino-1-butanol reactions each gave oils, whose 
*^C NMR spectra were identical to the starting hexaester 78f with no indication o f 
either decarbalkoxylation or amidation. The reaction o f hexaester 78f with 
aminopropanol 83c also gave an o il; the *^C NMR spectrum contained peaks 
attributed to the starting triester and several smaller peaks indicative o f malonic ester 
moieties (determined by comparison with the spectral data for 80g). The presence of 
malonic esters was evidenced by peaks at Ô 51.7 for the methine carbon, 6 60.8 for 
OCH2CH3, 28.3 for CHCH2, 26.8 for CHCH2CH2, and an additional carbonyl carbon 
at 5 169.5. The reaction w ith aminoethanol 83d gave an o il whose *^C NMR 
spectrum was identical to that o f the product from the reaction with 83c, except the 
relative intensities of the triester and malonate moieties indicate more extensive 
decarbalkoxylation. The reaction with aminopropanol 83e gave an o il with a small
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amount of decarbalkoxylation (the NMR spectrum was identical to above).
The NMR spectrum o f the material from the reaction with aminodiol 83f 
evidenced very little  starting hexaester 78f or malonic ester moieties. Purification of 
the crude material via HPLC gave two major products 84 and 85. The NMR spectra 
o f arborol 84 conrirm the decarbalkoxylated structure; the NMR spectrum has 
signals at 5 26.6, 28.8, and 30.5 for the bridging backbone, 5 54.0 for the methine, 
and Ô 171 for the carbonyls {cf. 81g). The *H NMR spectrum has a triplet {J = 7.1 
Hz) at 5 3.02 for the methine {cf. 81g) and the expected integration for the 
hydroxymethylenes (16 H) and upfield hydrocarbon envelope [CH3 and (CHj)^, 24 H]. 
The NMR spectrum of 85 has the expected five (5) resonances: 6 22.4, 58.1,
66.4, 72.0, and 158.6. The key feature o f the *H NMR spectrum o f 85 was the 
expected AB pattern for the cyclic methylene (5 3.83 and 4.15, J  = 8.34 Hz). The 
infrared spectrum of 85 has an OH stretch at 3285 cm*' and a carbonyl stretch at 
1743 cm \
HO OH
■ •■ ÿ v  . 1 0 .
E tO ,C —)- (C H 2 ) j- ^ C 02E I ----------------------- - Me-4-HNCO—)-(C H 2 ) i ,4 -C 0 N H -(— Me +  \  /
Et 02C CO2EI “ ’ I *» -  J  H H V
 ^ * 25 "C, 15 h H O ^  "  "  ^ O H  \
7 8 f  OH
8 4
8 5
Amidation o f esters usually proceeds by the mechanism"^ and is general 
base catalyzed” ^ '" '’ (Scheme X I), where a second molecule o f the amine"^ (or 
another suitable base) accepts a proton in the rate determining step. The necessity for 
added base (K 2CO3) could result from the steric bulk of both the ester and the 
attacking amine, which precludes proton abstraction by a second amine molecule. The 
experimental results reveal several mechanistic aspects of the reaction o f a triester and 
Tris: in itia l N  attack o f the carbonyl is unlikely, since /-butylamine did not react with
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Scheme X I. Mechanism of the Amidation of an Ester by an Amine.
78f; the observed decarbalkoxylations probably arise from initia l O attack o f the 
carbonyl [note the reactions with 83(c-e)]; decarbalkoxylation was a predominate side 
reaction, except in the case o f  Tris; and no amidation was observed unless there was 
a second hydroxyl on the aminoalcohol. This suggests an alternate mechanism 
(Scheme X II), which proceeds by formation o f the alkoxide o f Tris; subsequent
OH
OH
OH
U i,S O
r ° "  Co
OH
-H*
%
R’-^O R *
HOv.J^N H j
HO
/ — 0 H 
N -^ OH
OHOH
OH
Scheme X II. Alternative Mechanism for the Amidation of an Ester by rrw(hydroxymethyl)- 
aminomethane.
transestérification with the triester (or decarbalkoxylation with other aminoalcohols); 
and amide formation via an intramolecular rearrangement.
Such an intramolecular process should be rather facile; similar reactions have 
previously been observed by Nys and Libeer.*®’  Azeotropic removal o f water from 
a refluxing xylene solution o f acetate 86  gave oxazoline 87 and recovered 86 ; several 
other related reactions were also reported.*®^
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HjNC(CH20H)j -------------  ► HjN— CHjOH
CHzOCOCHj " 3C1 t q  Ac OH . 2  3 « y I # n # \ \  /
CHzOH i .  3 h
OH
83  8 4
Characterization o f the Gels
The thermally reversible aqueous gel formed by [9]-10-[9] arborol (79h) was 
studied by several techniques: viscometry, optical and electron microscopy, and light 
scattering. Since by definition a gel has no zero shear flow,*°® i.e. infinite viscosity 
when subjected to zero shear, the viscosity o f an aqueous solution o f 79h was 
measured during gelation. A 5.0 wt% aqueous solution of 79h was prepared at 80 °C, 
transferred to a viscometer at 25 °C, and the viscosity was measured (at various shear 
rates) as the solution gelled. A t the onset o f gelation the viscosity showed 
pseudoplastic*®® behavior, and then quickly increased as the solution completed gel 
formation; the elapsed time was approximately 45 min.
Optical microscopy o f gelled solutions o f 79h was investigated to detect the 
presence o f any macroscopic structure. A gelled solution o f arborol 79h was 
lyophilized and observed through crossed polarizing filters; the dried gel showed no 
discernable structure. However, a sample o f the original gel exhibited birefringence, 
indicative o f an extended ordered structure. The addition o f water to the gel caused 
dilution o f the sample until only lim ited areas o f birefringence were visible (Figure 
6 ). Further dilution o f the sample led to the complete disappearance o f the liquid 
crystalline structure.
The relatively small size and low molecular weight (FW = 1052) o f 79h 
compared to a typical polymer gel*®® implies the probable aggregation of 79h into 
a larger structure prior to gelation. In order to discern the aggregate size and shape, 
the gel was examined by negatively stained transmission electron microscopy. The
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(A)
(B)
%
Figure 6. Birefringence of the [9]-10-[9] Arborol Gel (79h): (A) viewed through cross-polarized 
filters; (B) viewed through plane polarized filter.
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long fibrous rod structure of the aggregates is clearly visible in Figure 8 . The rods 
have uniform diameters (34-36 A) and variable lengths (> ca. 2000 Â); the diameter 
was measured by comparison with a tobacco mosaic virus standard (diameter =180 
A) photographed at the same magnification. The dimensions o f a single molecule of 
79h were determined by examination o f CPK space fillin g  models and molecular 
modeling (Figure 7). The most interesting dimension o f Figure 7 is the end-to-end 
distance o f ca. 29 A, which compares favorably with the rod diameter o f 34-36 A. 
The slight difference between the measured rod diameter and the end-to-end distance
OH .OH
HO HO
H
_  xo  „1
h ; 2 9 H
Figure 7. CPK Determined Dimensions (Â) of the [9]-10-[9] Arborol (79h).
of the molecule can be attributed to some degree o f hydration of the rod surface and 
the thickness o f the stain. The fortuitous agreement between the end-to-end distance 
and the rod diameter suggest that molecules o f 79h pack in a cross-over fashion 
(Figure 9) where the dumbbell-shaped molecules form an interlocking network. This 
arrangement maximizes intermolecular lipophilic as well as hydrophilic interactions 
and generates a rod structure o f the appropriate diameter. Molecular modeling o f the 
aggregation o f six molecules o f 79h confirmed the favorable energetics o f this 
molecular organization. The minimized energy of the six molecule aggregate was
79.7 kcal/mole while the energy o f six non-interacting (ca. 20 Â separation) arborol 
molecules was 305 kcal/mole. The discrepancy between the CPK model dimension
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Figure 8. Transmission Electron Micrograph of the [9]-10-[9] Arborol Gel (79h): (A) gel 
photographed at 100,000 x (scale = 75 nm, diameter = 32 - 35 Â), (B) tobacco mosaic virus 
photographed at IOO,(XX) x (scale = 75 nm, diameter =180 Â).
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and the rod diameter can be attributed to a layer o f tightly bound water about the 
hydrophilic rods in addition to the thickness of the stain deposited to visualize the 
electron micrograph. The outer surface of these rods is covered by the terminal 
hydroxy groups which permit the rods to "cross-link" via hydrogen bonding through 
adjacent water molecules. Organization o f the molecules into the rods occurs at 
shorter chain lengths in the case of the [6 ]-n-[6 ] arborols because the cascade spheres 
are smaller.
Figure 9. Proposed Aggregation of [9]-10-[9] Arborol (79h).
The gel structure was also visualized by fluorescence microscopy. The 
hydrophobic dye chlortetracycline (CTC), which is soluble and nonfluorescent in 
aqueous solution, fluoresces at 520-530 nm (excitation <450 nm) only in a 
hydrophobic environment."® In very dilute solutions, fluorescence from individual 
molecules was undetectable; however, at higher concentrations the arborols aggregate, 
forming a gel, and CTC fluorescence from the hydrophobic cores was observed 
(Figure 10).
The concentration dependence of the phase transition temperature (Table X II), 
i.e. from gel (G) to solution (S), was determined by: (1) light microscopy 
(disappearance of birefringence) and (2 ) light scattering (decrease o f scattered
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Figure 10. Fluorescence of Chlortetracycline in the Presence of the Arborol Gel.
intensity). Gelation was observed for concentrations below 2.0 wt%, however, 
prolonged heating o f these solutions above the phase transition temperature causes 
a reorganization into another aggregate, which very slowly (2-14 days) reverts to the 
original gel.
Table X II. Phase Transition Temperatures for Aqueous Solutions of the [9]-10-[9] 
Arborol (79h): Gel to Solution.
Concentration
(wt%)
Temperature G 
(°C)
2.12
4.34
6.22
8.15
48-49
54-55
65-66
69-70
The pH stability o f these two-directional arborols and their associated gels was 
of interest for several potential applications. The arborols 79h and 81: were dissolved 
in the desired solution at 80-90 °C, allowed to cool to 25 °C, and the formation of 
a gel was noted. Table X III summarizes the results for dissolution of 79h and 81i in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
82
Table Xni. pH Stability of the Arborol Gels.
Gelation®
pH" Solution 79h 81 h
2 . 1 HOI (0.25 M) yes yes
4.0 Commercial buffer® yes yes
4.4 H3 BO3  (0.1 M) yes yes
H3 BO3  (0.75 M) yes^ —
H3 BO3  (0.1 M) and NaCI (0.1 M) yes —
7.0 Commercial buffer® yes yes
9.2 K2 B4 O7  (0 . 1  M) no no
K2 B4 O7  (0.01 M) yes yes
K2 B4 O7  (0.001 M) yes yes
9.9 K2 CO3  and H3 BO3 yes'* —
1 0 . 0 Commercial buffer® no yes
1 0 . 2 NH4 OH (0.25 M) yes yes
11.5 K2 CO3  (0.25 M) yes yes
1 1 . 6 KOH (0.25 M) yes yes
1 1 . 6 NaOH (0.25 M) yes yes
®The arborol ( 2 0  mg) was dissolved in the solution (0.4 m l) at 80-90 °C, cooled to 25
°C, and allowed to gel. ^pH was measured by a Corning Model 7 pH meter with a combination
electrode. *The pH 4.0 and 7.0 buffers were obtained from Mallinckrodt Inc. (composition 
unknown); tfie pH 10.0 buffer obtained from Fisher Scientific contained KOH, KjCOg, and 
K2 B4 O7  in unknown amounts. ^Very slowly formed a soft gel.
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various acid, base and buffer solutions. Both arborol series formed gels in the pH 
range of 2 to 12 in solutions containing various inorganic ions; the resulting gels were 
stable for more than 2 months. As noted, the solution o f 79h in a pH 10 buffer did 
not form a gel. The pH 10 buffer also inhibited the gelation o f SOg and SOh, but did 
not affect the gelation o f the other gel-forming arborols. The pH 10 buffer utilized 
for this study contained KOH, K2CO3, and K^B^O?; further experiments with KOH, 
K2CO3, and K 2B4O7 confirmed that potassium borate inhibits gel formation. Both 
arborols readily dissolved in K 2B4O7 solutions even at 25 °C, When a gelled solution 
o f 79h was heated above the phase transition temperature and K2B4O7 was added, the 
solution did not revert to the original gel upon cooling, that is it  remained a clear 
homogeneous solution.
The nature o f the interaction o f potassium borate with 79h was investigated by
NMR spectroscopy. The "C  NMR spectrum o f 79h in D2O (2% w/v) showed the 
follow ing signals; 27.2 (C-2), 29.2 (C-3), 31.3 (C-1, C-4 &  C-5), 55.1 (C40), 61.4 
(CH2OH), 62.9 [C(CH2 0 H)3], and 173.8 (C=0). The NMR was repeated with a 
sample o f 79h (2% w/v) in a D2O solution o f K 2B4O7 (0.1 M , 0.4 mL); the ratio of 
K2B4O7 to 79h was 2:1. The presence o f borate ion resulted in a broad signal at 5
63.8 with the concomitant disappearance of the signals at 5 61.4 and 62.9. The 
chemical shifts of the other carbons were little  affected by the addition o f borate ion. 
Increasing the K 2B4O7 to 79h ratio to 18:1 caused the broad resonance to sharpen. 
For comparison purposes the simple model CH3C0 NHC(CH2 0 H)3 (88 ) was prepared 
and showed similar behavior. The NMR spectrum o f the amidetriol 88  in D2O 
gave the expected four signals: 23.6 (CH3), 61.4(CH20H), 62.8 [C(CH2 0 H)3], and
175.8 (C=0). In the presence o f K 2B4O7 the signals at Ô 61.4 and 62.8 were replaced 
by a broad signal at 5 63.6. The CH3 and C=0 signals were only slightly affected.
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The amount o f borate ion present is important since gelation was observed for 
0.01 M  and 0.001 M K2B4O7 solutions o f the arborols. Borate salts hydrolyze in 
water to form a boric acid [B(OH);] - borate [B(0 H)4‘] buffer (pH ~9);“ ’  the 
B(0 H)4‘ can interact with up to four hydroxy groups. Complex formation between 
polyols and boric acid and borate ion is well known."’ ' A d d i t i o n  o f sodium borate 
to a 4% solution of poly(vinylalcohol) resulted in formation of a semi-solid ge l;"’  
gelation was attributed to cross-linking o f different polymer chains by borate ion. 
Pentaerythritol"^ and CH3C(CH2 0 H)3"® form 1:1 or 1:2 complexes with boric acid. 
Nickerson*^® examined the complexation o f mannitol by borate ion and boric acid, and 
concluded that: complexation is mainly a borate ion phenomenon; polyols undergo a 
strongly exothermic reaction w ith borate ion, but not with boric acid, and the 
equilibrium constant for polyol-boric acid complexation is small.
Conclusions
The formation and properties o f gels have become active areas o f investigation.*^* 
The reason for the surge o f interest w ith gels deals with their varied areas of 
applications which include:*^* bacteriological, growth, and microscopy media, 
cosmetics and toiletries, drilling muds for o il production, dye pastes (textile printing), 
foods, glazes, inks, lattices, lubricants, paints, and pharmaceuticals. The gel formed 
by the arborol 79h is interesting due to the relatively low concentration o f 79h 
required for gel formation and the thermal reversibility o f gel formation. The 
geometric arrangement o f the borate complex o f the arborol is not certain; however, 
the borate ion must be interacting w ith the terminal hydroxyls which disrupts the 
hydrogen bonding network o f the gel. Further studies o f this molecule should include: 
differential scanning calorimetry to study the thermodynamics o f gel formation; 
dynamic light scattering o f (a) dilute solutions o f 79h to substantiate the rod shape
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o f the aggregates and (b) ca. 3% solutions of 79h at elevated temperatures to study 
the observed reordering o f the solution; and further studies o f the corresponding [6 ]- 
n-[6 ] arborols to investigate the relationship o f chain length and cascade sphere size 
to gel formation.
Experimental Section
General Comments are given in Chapter 2 (page 50). I,(0-Dibromoalkanes, 
dimethyl glutarate, and dimethyl undecane-1,11 -dioate were obtained from Aldrich 
Chemical Co. and used without purification. The 1,12-dodecanediol was prepared 
from diethyl dodecane-1,12 -dioate by known procedures.
HPLC. Reversed phase HPLC was performed with a Perkin Elmer Series 4 
pump and Isco UA-5 absorbance detector w ith type 10 optical unit at either 214 nm 
(analytical) or 254 nm (preparative). An Altex Ultrasphere-ODS column (4.6 mm x 
25 cm) was used for method development and analytical separations while a DuPont 
Zorbax ODS column (21.2 mm x  25 cm) was used for preparative separations. 
Solvents were obtained from Aldrich (HPLC grade) and used without further 
purification.
Microscopy. The transmission electron microscopy and photography for the 
polarized light microscopy were performed by Dr. Mary Jane Saunders, Botany 
Department, Louisiana State University. The [9 ]-l0 -[9 ] arborol (79h) (20 mg) was 
dissolved in deionized distilled water (1 mL) at 80 °C, then allowed to gel at 25 
°C. A  portion o f the gel was transferred onto a parlodion support film  on a 50 mesh 
copper EM grid (Polaron Instruments Inc.) and air-dried for 1 h. The gel was stained 
by addition o f a drop o f 2% aqueous phosphotungstic acid (pH = 6 .8 ); excess solution 
was drawn o ff w ith filte r paper, and the grid was air-dried for 1 h. Grids were 
viewed on a JEOL 100-CX TEM at an accelerating voltage o f 80 kV. Size
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comparisons were made using tobacco mosaic virus (diameter = ISO A), as a 
reference.
Arborol 79h (20 mg) was dissolved in deionized water (1 mL) at 80 °C, allowed 
to gel at 25 °C, the lyophilized for 24 h. A portion o f the dried gel was transferred 
into a drop of water on a microscope slide. The reconstituted gel was viewed on a 
Leitz Ortholux II microscope equipped with polarized light optics. A A,-plate and A/4- 
plate were inserted in the light path for color contrast; photographs were taken on 
Ektachrome film  (Kodak) and are reproduced in black and white.
1.12-fiM(iiiethanesulfonyI)oxy]dodecane. 1,12-Dodecanediol'^ ^ was converted 
to the corresponding dimesylate via standard conditions.^^'’ Thus, methanesulfonyl 
chloride (7.99 g, 5.4 mL, 69.8 mmol) was slowly added (10 min) to a CH2CI2 (50 
mL) solution o f 1,12-dodecanediol'( 5 .6 4  g, 27.9 mmol) and triethylamine (8.45 g, 
11.64 mL, 83.7 mmol) at 0 °C, then stirred for an additional 20 min at 25 °C. The 
reaction was transferred to a separatory funnel and washed sequentially with ice water 
(1 X  125 mL), 10% HCl (1 x  100 mL), saturated aqueous NaHCOj (1 x  100 mL), 
and saturated aqueous NaCl (1 x  100 mL). The CH2CI2 solution was dried over 
anhydrous MgSO^ then evaporated in vacuo to give the crude dimesylate. 
Recrystallization from benzene afforded (95%) l,12-fcw[(methanesulfonyl)oxy]do- 
decane: 9.53 g; mp 80-80.5 °C; ‘H NMR 5 1.27 (bm, CH2 , 20 H), 2.98 (s, CH^SO^, 
6  H), 4.20 (t, O Œ 2, J  = 6.3 Hz, 4 H); NMR 5 25.22 (CH3SO2), 28.79 (C-3 &  
C-10), 28.98 (C-4 &  C-9), 29.19 (C-5 &  C-8 ), 29.22 (C-6  &  C-1), 37.24 
(MSOCH2CH2), 70.10 (MSOCH2); Anal. Calcd for C14H30O6S2: C, 46.90; H, 8.43; 
Found C, 47.23; H, 8.27.
1.13-Tridecanediol. A  solution o f dimethyl undecane-1,11-dioate (13.62 g, 50 
mmol) in anhydrous ether (60 mL) was slowly added to a stirred suspension of
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LiAIH^ (5.69 g, 150 mmol) in anhydrous ether (60 mL). The mixture was stirred at 
25 “C for 15 h, then refluxed for 10 h. The reaction was decomposed by the addition 
o f water (10 mL), filtered, and the white solid washed with ether (3 x  25 mL). The 
combined filtrate was evaporated to diyness to give the crude diol, which was 
recrystallized from C^Hg to yield (80%) 1,13-tiidecanediol, as a white solid: 8.68  g; 
mp 75.5-76.2 °C [lit'25.i26 ^ p  76.4-76.6 °C]; NMR 5 1.2-1.7 (m, CH2(C ^2)iiC H 2, 
22 H), 3.64 (t, CH2OH, J  = 6.2 Hz, 4 H), 4.1 (s, OH, 2 H); »C NMR Ô 25.6 [CH2- 
(CH2)gOH], 29.3, 29.4, 32.7 (CH2CH2OH), 62.9 (CH2OH); IR (KBr) 3274 (0-H), 
2919, 2849, 1059 (C-0), 1038, 1021 cm '; Anal. Calcd for C ,3H2g0 2 : C, 72.17; H,
13.04. Found: C, 72.22; H, 12.84.
1,13-Dlbromotrldecane. Concentrated H2SO4 (2.2 mL) was added to a stirred, 
cooled solution o f 1,13-tridecanediol (4.32 g, 20 mmol) in 48% HBr (10 mL). The 
mixture was refluxed for 6  h, then cooled, poured into water (200 mL), and extracted 
w ith CH2CI2 (3 X  50 mL). The combined extract was washed with saturated aqueous 
NaHCOg (3 X  50 mL), and water (3 x  50 mL), dried over anhydrous Na2S0 4 , and 
concentrated in vacuo to give the dibromide. The dibromide was purified by column 
chromatography (Si0 2 , CgHg) to afford (93%) the dibromide, as a pale yellow liquid: 
6.38 g; 'H  NMR S 1.1-2.0 (m, BrCH2(C //2)nCH2Br, 22 H), 3.39 (t, CH2 BT, J  = 6.6 
Hz, 4 H); '^C NMR 5 28.0, 28.6, 29.2, 29.3 [(C H ;),], 32.7 (CH^CH^Br), 33.7 
(CHjBr); IR (neat) 2926, 2855, 1464, 1439, 1370, 1254, 722, 679, 646 cm '; Anal. 
Calcd for CisH^gBr^: C, 45.63; H, 7.66. Found: C, 46.00; H, 7.53.
Hexaethyl I,l,l« (0,u,(i)-Alkanehexacarboxylate (78(a-k)). General Procedure. 
The appropriate l,cu-dibromoalkane or I,(0-di(mesyloxy)alkane (15 mmol) was added 
to a stirred solution of NaC(C0 2 Et)3 (33 mmol) in CgHg-DMF (40 mL; 1:1) at 90 °C. 
A fter 24 h, the solution was cooled and CgHg (100 mL) was added. This solution was
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washed with water (3 x  100 mL), saturated aqueous NaHCOj (2 x  100 mL), then 
dried over anhydrous MgSO^, concentrated in vacuo, and vacuum distilled (Kugelrohr) 
to give the respective hexaesters 78. NMR spectral data are given in Table V in  
(see page 65).
78a (n = 3): bp 185-190 °C (2.0 mm); 'H  NMR 5 1.25 (s, 2 H),
1.27 (t, OCH2CH3, J  = 7.1 Hz, 18 H), 2.09 (m, CCH^, 4 H), 4.26 (q, OCTfgCHg, J 
= 7.1 Hz, 12 H); MS (C.I.) 504 (M+); IR (thin film ) 2986, 2942, 2909, 1740 (C=0), 
1466, 1447 cm-*; Anal. Calcd for C jjH jeO ij; C, 54.75; H, 7.19. Found: C, 54.36; H,
7.01.
78b (n = 4): bp 190-195 °C (2.0 mm); *H NMR 5 1.25 [s, (C ^^);, 4H], 1.29 
(t, OCH2C //3, J  = 7.1 Hz, 18 H), 2.08 (m, CCH^, 4 H), 4.25 (q, OCH^CYi^, J  = 7.1 
Hz, 12 H); MS (C.I.) 518 (M+); IR (thin film ) 2988, 2938, 2874, 1742 (C=0), 1466, 
1445 cm'*; Anal. Calcd for C24H3gOi2: C, 55.59; H, 7.39. Found: C, 55.68; H, 7.32.
78c (n = 5): bp 210-220 °C (2.0 mm); *H NMR 6  1.25 [s, 6H], 1.28
(t, OCH2CJ73, J  = 7.1 Hz, 18 H), 2.08 (m, CCH^, 4 H), 4.24 (q, OC7/ 2CH3, J  = 7.1 
Hz, 12 H); MS (C.I.) 532 (M+); IR (thin film ) 1742 (C=0), 1266, 1038 cm'*; Anal. 
Calcd for C25H40O12: C, 56.38; H, 7.57. Found: C, 56.62; H, 7.80.
78d (n = 6 ): bp 210-215 °C (2.0 mm); *H NMR 5 1.25 [s, 8H], 1.28
(t, OCH2C //3, J  = 7.1 Hz, 18 H), 2.07 (m, CCH^, 4 H), 4.25 (q, OCH^CYi^, J  = 7.1 
Hz, 12 H); MS (C.I.) 546 (M+); IR (thin film ) 2983, 2940, 2873, 1742 (C=0), 1466, 
1447, 1032 cm-*; Anal. Calcd for C^eH^zOi^ : C, 57.13; H, 7.75. Found: C, 56.91; H, 
7.51.
78e (n = 7): bp 210-220 °C (2.0 mm); *H NMR 5 1.25 [s, lOH], 1.28
(t, OCH2C //3, J  = 7.1 Hz, 18 H), 2.07 (m, CCH^_, 4 H), 4.25 (q, O C i/2CH3, J  = 7.1 
Hz, 12 H); MS (C.I.) 560 (M+); IR (thin film ) 2984, 2938, 2857, 1740 (C=0), 1466,
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1447, 1040, 862, 774 cm '^ Anal. Calcd for C27H44O12: C, 57.84; H, 7.91. Found: C, 
58.01; H, 7.75.
78f (n = 8): bp 210-220 °C (2.0 mm); *H NMR 5 1.25 [s, 12H], 1.28
(t, OCH2CH3, J  = 7.1 Hz, 18 H), 2.07 (m, CCH^, 4 H), 4.25 (q, OCH2CH3, J  = 7.1 
Hz, 12 H); MS (C.I.) 574 (M+); IR (thin film ) 2984, 2936, 2857, 1742 (C=0), 1466, 
1447, 1040 cm '; Anal. Calcd for C2gH460 ,2: C, 58.52; H, 8.07, Found: C, 58.68; H, 
8.06.
78g (n = 9): bp 215-220 “C (2.0 mm); 'H  NMR S 1.25 [s, (CH2 h , 14H], 1.28
(t, OCH2C //3, J  = 7.1 Hz, 18 H), 2.08 (m, CCH2 , 4 H), 4.25 (q, OC//2CH3, J  = 7.1
Hz, 12 H); MS (C.I.) 588 (M+); IR (thin film ) 1742 (C=0), 1268, 1034 cm '; Anal. 
Calcd for C2gH4gOi2: C, 59.17; H, 8.22. Found; C, 59.05; H, 8.30.
78h (n = 10): bp 220-225 °C (2.0 mm); 'H  NMR 6  1.25 [s, (C ^2)g, 16H], 1.28
(t, OCH2 CH2 , 7 = 7.1 Hz, 18 H), 2.08 (m, CCH2 , 4 H), 4.25 (q, OC//2CH3, 7 = 7.1
Hz, 12 H); MS (C.I.) 602 (M+); IR (thin film ) 2982, 2930, 2855, 1740 (C=0), 1466, 
1447, 1032 cm '; Anal. Calcd for C30H50O12: C, 59.78; H, 8.36. Found: C, 59.79; H, 
8.38.
78i (n = 11); bp 230-240 “C (1.0 mm); 'H  NMR S 1.25 [s, ( ^ 2 )9 , 18H], 1.28
(t, OCU2 CH2 , 7 = 7.1 Hz, 18 H), 2.08 (m, CC/Zj, 4 H), 4.25 (q, OC//2CH3, 7 = 7.1
Hz, 12 H); MS (C.I.) 616 (M+); IR (thin film ) 2984, 2928, 2855, 1742 (C=0), 1048 
cm '; Anal. Calcd for C31H52O12: C, 60.37; H, 8.50. Found: C, 60.48; H, 8.46.
78j (n = 12): bp 235-240 °C (3.0 mm); 'H  NMR 5 1.25 [s, (C ^2)io, 20H], 1.28
(t, OCH2CH3, 7 = 7.1 Hz, 18 H), 2.07 (m, CC7 2^, 4 H), 4.25 (q, OCH2 CU3 , 7 = 7.1
Hz, 12 H); MS (C.I.) 630 (M+); IR (thin film ) 2982, 2928, 2855, 1742 (C=0), 1466, 
1447, 1036 cm ';  Anal. Calcd for C32H ;4 0 ;2: C, 60.93; H, 8.63. Found: C, 61.00; H, 
8.59.
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78k (n = 13): bp 235-240 "C (1.0 mm); ‘H NMR 5 1.25 [s, (C //2)io, 22H], 1.28 
(t, OCH2C //3, 7 = 7.1 Hz, 18 H), 2.07 (m, CCH2 , 4 H), 4.25 (q, OC7/ 2CH3, J = 1.1 
Hz, 12 H); MS (C.I.) 644 (M+); IR (thin film ) 2984, 2928, 2855, 1742 (C=0), 1466, 
1447, 1048 cm '^ Anal. Calcd for C33H36O12: C, 61.47; H, 8.75. Found: C, 61.28; H, 
8.62.
Attempted Amidations o f Hexaethyl l,l,l,8,8,8.0ctanehexacarboxylate (78d). 
Method A. Hexaester 78d (200 mg, 366 pmol) and trw(hydroxymethyl)aminomethane 
(293 mg, 2.42 mmol) were heated under N2 to 120-140 °C for 2 h. Upon cooling, 
the dark brown residue was triturated w ith Me2SO-dg, however, the majority (>90% 
by weight) o f the material was insoluble. The *^C NMR spectrum possessed signals 
indicative o f the desired hexaamide 79d: ’^C NMR (Me2S0 -rfg) 5 28.9 (CH2CH2C),
30.7 (CH2CH2CH2O , 32.9 (CH2C), 57.0 (CH2Q .), 63.3 (CH2OH), 64.7 (CONHC), 
175.5 (C=0).
Method B. Hexaester 78d (200 mg, 366 pmol) and tm(hydroxymethyl)amino- 
methane (293 mg, 2.42 mmol) were dissolved in Mc2S0  (5 mL) and stirred at 25 
°C for 15 h. The solvent was removed in vacuo to give a residue which was 
triturated with CH2CI2 (30 mL) to give a white solid, which was identified as Tris 
(via ‘^C NMR spectroscopy): *^C NMR (Mc2S0 -dg) 5 56.6 (Q .), 63.5 (C H jO H ). 
The organic phase was concentrated to give an oil, which was identified as 78d: 
"C  NMR 14.0 (O C H 2C H 3), 24.9 (C H 2C H 2C ), 29.7 (CH 2CH 2C H2C ), 33.4 (CHgC), 
62.0 (O C H jC H j) ,  65.8 (C40), 167.5 (C = 0 ). The reaction was repeated at 60 °C , 75 
°C, and 100 ®C with identical results.
The hexaester 78d (200 mg, 366 pmol) and frw(hydroxymethyl)aminomethane 
(293 mg, 2.42 mmol) were dissolved in MCjSO (5 mL) and stirred at 130 ®C for 
15 h. A 2 mL aliquot was removed and worked up as above; *^C NMR again
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indicated recovered starting materials. A small portion of anhydrous KgCO^ (50 mg) 
was added to the reaction mixture; within 15 min the solution turned a faint yellow. 
A fter 30 min, the mixture was cooled, fdtered, and concentrated in vacuo to give a 
thick o il; the NMR spectrum showed only the desired hexaamide and excess /rw- 
(hydroxymethyl)aminomethane; NMR (Me^SO-cfg) S 28.9, 30.7, 32.9, 56.6, 57.0, 
63.3, 63.5, 64.7, 175.5.
N ,N  ',N " ,N " ',N  '"',7V  \H^e%a&»[2 hydroxy 1,1-W f(hydroxym ethyl)ethyl]-
l , l , l , ( 0,(0,0)-alkanehexacarboxamide (79(a-k), [9]-n-[9]-Arborols). General Amide 
Formation. The hexaester 78 (2.0 mmol) and tm(hydroxymethyl)aminomethane (12.0 
mmol) were dissolved in MezSO (10 mL) and stirred over anhydrous K 2CO3 (13.0 
mmol) fo r 10 h at 25 °C. The mixture was filtered and evaporated in vacuo. The pure 
alcohols 79 were obtained via dissolution o f the oily residue in water and 
precipitation by the slow addition o f acetone to give a white solid. Purity (>96%) of 
these arborols was ascertained by analytical HPLC (Zorbax ODS, detection at 214 
nm) by gradient elution w ith MeCN-HjO (0% to 100% MeCN, 10 min). NMR 
data are given in Table IX  (see page 6 8 ). Attempted melting point determinations of 
the arborols 79 resulted in effervescent decomposition at temperatures from 120 - 160 
°C, and, thus, no melting points are reported.
79a (n = 3); ‘H NMR (Me^SO-f/g) 8  1.23 (s, CHjCHjCHj, 2  H), 1.60 (m, CCH,, 
4 H), 3.51 (s, C //2OH, 36 H), 4.70 (bs, OH, 18 H), 7.47 (bs, NH, 6  H); IR (KBr) 
3320, 2926, 2855, 1651 (amide I), 1630 (amide H), 1029 cm'*.
79b (n = 4): *H NMR (Me2S0 -Jg) 8  1.23 [s, (0 7 /2)2. 4H], 1.60 (m, CCH2 , 4 H),
3.52 (s, CH2 OH, 36 H), 4.71 (bs, OH, 18 H), 7.47 (bs, NH, 6 H); IR (KBr) 3320, 
2925, 2855, 1651, 1630, 1028 cm \
79c (n = 5): *H NMR (Me2$0-é/g) 8 1.23 [s, (€7/2)3, 6H], 1.60 (m, CCH2 , 4 H),
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3.52 (s, CH2 OH, 36 H), 4.71 (bs, OH, 18 H), 7.47 (bs, NH, 6  H); IR (KBr) 3320, 
2926, 2855, 1651, 1630, 1028 cm'*.
79d (n = 6 ): ‘H NMR (Me^SO-dg) 5 1.23 [s, (.CH^)^, 8H], 1.60 (m, CCZ/j. 4 H),
3.52 (s, C //2OH, 36 H), 4.71 (bs, OH, 18 H), 7.47 (bs, N/7, 6  H); IR (KBr) 3320, 
2924, 2855, 1651, 1630, 1028 cm '.
79e (n = 7): ‘ H NMR (McgSO-dg) 5 1.23 [s, (CE;);, lOH], 1.60 (m, CCH;, 4 H),
3.52 (s, CH2OH, 36 H), 4.71 (bs, OH, 18 H), 7.47 (bs, NH, 6  H); IR (KBr) 3320, 
2924, 2855, 1651, 1630, 1028 cm *.
79f (n = 8): ‘H NMR (Me2S0 -^ /g) Ô 1.23 [s, (CH^)^, 12H], 1.60 (m, CCH2 , 4 H),
3.52 (s, Œ 2OH, 36 H), 4.71 (bs, OH, 18 H), 7.47 (bs, NH, 6  H); IR (KBr) 3328, 
2928, 2855, 1659, 1632, 1111, 1028 cm '.
79g (n = 9): 'H  NMR (Me2S0 -^ ?g) 5 1.23 [s, (C//;)?. M H], 1.60 (m, CCH2 , 4 
H), 3.52 (s, CT2OH, 36 H), 4.71 (bs, OH, 18 H), 7.47 (bs, NH, 6  H); IR (KBr)
3320, 2926, 2855, 1651, 1630, 1028 cm '.
79h (n = 10): 'H  NMR (Mc2SO-rfg) 5 1.23 [s, (CH2 \ ,  16H], 1.60 (m, CCH2 , 4 
H), 3.52 (s, C //2OH, 36 H), 4.71 (bs, OH, 18 H), 7.47 (bs, NH, 6  H); IR (KBr) 
3318, 2926, 2855, 1651, 1630, 1030 cm '; uv (MeOH): = 212 nm, e = 4674 L
mole 'cm';  Anal. Calcd for C^gHgoNgOz :^ C, 47.90; H, 7.66; N, 7.98. Found: C,
47.47; H, 7.68; N, 6.53.
791 (n = 11): 'H  NMR (Me^SO^g) ô 1.23 [s, (C //;),, 18H], 1.60 (m, CCHj, 4 
H), 3.52 (s, CH2OH, 36 H), 4.71 (bs, OH, 18 H), 7.47 (bs, NH, 6  H); IR (KBr)
3321, 2926, 2855, 1651, 1630, 1028 cm ';  Anal. Calcd for C43Hg2Ng024: C, 48.40; H, 
7.75; N, 7.88. Found: C, 49.51; H, 7.97; N, 6.73.
79j (n = 12): 'H  NMR (MegSO-^g) 5 1.23 [s, (C //2)io. 20H], 1.60 (m, CCH2 , 4 
H), 3.52 (s, CH2 OII, 36 H), 4.71 (bs, OH, 18 H), 7.47 (bs, NH, 6  H); IR (KBr)
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3320, 2926, 2855, 1651, 1630, 1028 cm '; Anal. Calcd for C, 48.88; H,
7.83; N, 7.77, Found: C, 50.66; H, 8.06; N, 6.48.
79k (n = 13): ‘H NMR (Me^SO- f^g) Ô 1.23 [s, (€ ^ 2)10, 22H], 1.60 (m, CCH^, 
4 H), 3.52 (s, C ffjO H, 36 H), 4.71 (bs, OH, 18 H), 7.47 (bs, ^H , 6  H); IR (KBr) 
3320, 2926, 2855, 1651, 1630, 1028 cm '; Anal. Calcd for C^^Hg^NgOz :^ C, 49.35; H, 
7.92; N, 7.67. Found: C, 49.66; H, 8.12; N, 6.39.
Tetram ethyi l,l,co,to-Alkanetetracarboxylate (SO(a-I)). General Procedure. A 
mixture l,(0-dibromoalkane (10 mmol), dimethyl malonate (24 mmol), and K 2CO3 
(24 mmol) in DMF (10 mL) was stirred at 25 °C for 24 h, then heated to 100 °C 
fo r 2 h. The mixture was filtered and the solid was washed with DMF (10 mL). The 
combined filtrate was concentrated to give a residue, which was dissolved in CgHg 
(100 mL), then washed sequentially with water (2 x  50 mL), 15% NaOH (2 x  25 
mL), and water (2 x  50 mL), dried over anhydrous MgSO^, and concentrated in 
vacuo to give the respective tetraesters 80. The reaction w ith 1,2-dibromoethane gave 
(87%) dimethyl 1,1-cyclopropanedicarboxylate. D istillation o f the crude material 
obtained from the reaction with 1,4-dibromobutane gave (70%) dimethyl 1,1- 
cyclopentanedicarboxylate; a paucity o f the desired 80c was isolated (7%) from the 
pot residue via thick layer chromatography [Si0 2 , CgH;2-EtAc (4:1)].
80a (n = 1): 'H  NMR S 2.49 (t, CH^, J  = 7.0 Hz, 2 H), 3.52 (t, CH, J  = 7.0
Hz, 2 H), 3.75 (s, OCH^, 12 H); IR (thin film ) 3009, 2959, 2849, 1742 (C=0), 1439, 
1038 cm '; Anal. Calcd for CuHigOg: C, 47.83; H, 5.84. Found: C, 48.06; H, 5.77.
D im ethyl 1,1-Cyclopropanedicarboxylate (n = 2): bp 52-55 °C (0.4-0.5 mm); 
[ l i t . '"  bp: 49-51 °C (0.1 mm)].
80b (n = 3): 'H  NMR 5 1.3-1.9 (m, CH2 , 6  H), 3.38 (t, CH, J  = 7.0 Hz, 2 H),
3.74 (s, 0 0 ^3, 12 H); IR (thin film ) 3005, 2957, 2870, 2849, 1735 (C=0), 1437,
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1017 cm**; Anal. Calcd for C13H20O8; C, 51.31; H, 6.63. Found; C, 51.53; H, 6.47.
80c (n = 4): *H NMR 6  1.3 [m, CHgCC/fz);, 4H], 1.9 (m, CH2 CH, 4 H), 3.35 
(t, CH, J  = 7.3 Hz, 2 H), 3.74 (s, OC//3, 12 H); IR (KBr) 3009, 2957, 2938, 2928, 
2869, 2851, 1738, 1470, 1032 cm**; Anal. Calcd for C^Hz^Og: C, 52.82; H, 6.97. 
Found: C, 53.07; H, 6.96.
Dimethyl 1,1-CycIopentanedicarboxyiate (n = 4): bp 95-100 °C (0.5mm); *H 
NMR S 1.68 (m, CH^, 4 H), 2.19 (m, CH^C, 4 H), 3.72 (s, OCH3, 6  H); IR (neat) 
2955, 2876, 2849, 1730, 1454, 1435, 1080, 1020 cm**; Anal. Calcd for CgHi^ O^: C, 
58.05; H, 7.58. Found: C, 58.24; H, 7.66.
80d (n = 5): *H NMR Ô 1.3 [m, CH2(C7/ 2)CH2, 6 H], 1.9 (m, CH2 CH, 4 H),
3.35 (t, CH, J  = 7.0 Hz, 2 H), 3.73 (s, OCH3, 12 H); IR (thin film ) 3004, 2955, 
2863, 1732 (C=0), 1437, 1013 cm**; Anal. Calcd fo r C ;;H 240g: C, 54.21; H, 7.28. 
Found: C, 54.48; H, 7.04.
80e (n = 6 ): mp 47.0-47.1 °C; *H NMR 5 1.32 [s, CH2(C //2)4CH2, 8H], 1.9 (m, 
CH2 CH, 4 H), 3.35 (t, CH, J  = 7.3 Hz, 2 H), 3.73 (s, OCH^, 12 H); IR (KBr) 3007, 
2959, 2930, 2863, 2855, 1744 (C=0), 1474, 1439, 1026 cm**; Anal. Calcd for 
CifiHjfiOg: C, 55.48; H, 7.57. Found: C, 55.44; H, 7.35.
80f (n = 7): *H NMR 5 1.29 [s, CH2(CI72)5CH2, lOH], 1.9 (m, CH2 CH, 4 H),
3.35 (t, CH, J  = 7.3 Hz, 2 H), 3.73 (s, OC//3, 12 H); IR (thin film ) 3004, 2955, 
2932, 2859, 1736, 1458, 1437, 1017 cm**; Anal. Calcd for Ci?H2gOg: C, 56.65; H, 
7.83. Found: C, 56.80; H, 7.76.
80g (n = 8 ): mp 45.0-45.4 °C; *H NMR 5 1.28 [s, CH2(C/72)eCH2, 12H], 1.9 
(m, CH2 CR, 4 H), 3.35 (t, CH, J  = 7.3 Hz, 2 H), 3.73 (s, OCH^, 12 H); IR (KBr) 
3007, 2959, 2951, 2928, 2861, 1746 (C=0), 1732, 1476, 1439, 1017 cm**; Anal. 
Calcd for CjgHjoOg: C, 57.74; H, 8.08. Found: C, 57.96; H, 8.04.
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SOh (n = 9): *H NMR 5 1.28 [s, Cl\■2 {CH2 )^Cn2 , 14H], 1.9 (m, C/ZjCH, 4 H),
3.36 (t, CH, J  = 7.3 Hz, 2 H), 3.73 (s, 12 H); IR (thin film ) 3004, 2928, 
2857, 1740, 1462, 1437, 1018 cm *; Anal. Calcd for C jçH jPg: C, 58.75; H, 8.30. 
Found: C, 58.75; H, 8.25.
80i (n = 10): mp 51.3-52.7 “C; ‘H NMR S 1.27 [s, CH2(C ^2)8CH2, 16H], 1.9 
(m, CH^Cn, 4 H), 3.36 (t, CH, J  = 7.3 Hz, 2 H), 3.73 (s, O C //3 , 12 H); IR (KBr)
3004, 2951, 2928, 2857, 1748, 1732, 1476, 1439, 1036 cm '; Anal. Calcd for
C20H34O8: C, 59.68; H, 8.52. Found: C, 59.50; H, 8.49.
SOj (n = 11): bp 235-240 “C (0.4-3.5 mm); 'H  NMR 5 1.26 [s, CH2(C ff2)9CH2, 
18H], 1.9 (m, CH2CH, 4 H), 3.35 (t, CH, J  = 7.4 Hz, 2 H), 3.73 (s, OCH3, 12 H); 
IR (thin film ) 3002, 2928, 2857, 1738, 1469, 1437, 1021 cm '; Anal. Calcd for 
C21H36O8: C, 60.56; H, 8.71. Found: C, 60.72; H, 8.77.
80k (n = 12): mp 59.0-59.3 “C; 'H  NMR 5 1.26 [s, CH2(C //2)ioCH2, 20H], 1.9 
(m, C //2CH, 4 H), 3.36 (t, CH, J  = 7.4 Hz, 2 H), 3.73 (s, OCH^, 12 H); IR (KBr)
3007, 2951, 2926, 2855, 1748, 1732, 1474, 1439, 1011 cm '; Anal. Calcd for
QzHsgOg: C, 61.37; H, 8.90. Found: C, 61.61; H, 9.15.
801 (n = 13): 'H  NMR 5 1.26 [s, CH2(CH2)„C H 2, 22H], 1.9 (m, C /Ï2CH, 4 H),
3.36 (t, CH, J  = 7.3 Hz, 2 H), 3.73 (s, OCH3, 12 H); IR (thin film ) 3002, 2926, 
2855, 1738, 1456, 1437, 1021 cm '; Anal. Calcd for CzsH^gOg: C, 62.14; H, 9.07. 
Found: C, 62.10; H, 9.01.
A^^VV'VV'"-7’e/rfliWs[2-hydroxy-l,l‘6w(hydroxymethyl)ethyl]-l,l,cù,G)-aIkane- 
tetracarboxamide (81(a-I), [6]-n -[6 ]-Arborols). General Amide Formation. A 
mixture o f trw(hydroxymethyl)aminomethane (8 .0  mmol), tetraester (2 .0  mmol), and 
anhydrous K 2CO3 (8.64 mmol) in Mc2S0  (5 mL) was stirred at 25 °C for 24 h. The 
solution was filtered, the solid washed w ith Me2SO (10 mL), and the combined
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filtrate concentrated in vacuo. The residue was dissolved in water and precipitated by 
the addition o f acetone then filtered to give the desired tetraamide 81, as a white 
solid; the solid was washed with anhydrous EtOH. Purity (>96%) of these arborols 
was determined by analytical HPLC (Zorbax ODS, detection at 214 nm) by gradient 
elution with MeCN-HgO (0% to 100% MeCN, 10 min). Attempted melting point 
determinations o f 81 caused effervescent decomposition at temperatures o f 140-180 
°C and, thus, no melting points are reported.
81a (n = 1): ‘H NMR (D^O) Ô 2.51 (m, CHC//2CH, 2 H), 3.03 (m, CH, 2 H),
3.55 (s, CH2OH, 24 H); IR 3312, 2940, 1655, 1630, 1030 cm '.
81b (n = 3): *H NMR (Me2SO-c?6) 5 1.16 (m, CH2C //2CH2, 2 H), 1.59 (m, 
C //2CH2C //2, 4 H), 3.49 (t, CH, J  = 7.2 Hz, 2 H), 3.54 (s, CH2 OH, 24 H), 4.65 (s, 
CH2O //, 12 H), 7.41 (bs, N //, 4 H); IR (KBr) 3314, 2954, 2928, 2880, 1653, 1631, 
1474, 1030 cm '.
81c (n = 4): 'H  NMR (Me2S0-Jg) Ô 1.15 [m, CH2(C1Ï2)2CH2, 4H], 1.59 (m, 
C /72CH, 4 H), 3.49 (t, CH, J  = 7.2 Hz, 2 H), 3.54 (s, C7/2OH, 24 H), 4.65 (s, 
CH2 OH, 12 H), 7.41 (bs, N77, 4 H); IR (KBr) 3319, 2949, 2928, 2895, 1653, 1630,
1463, 1031 cm-'.
81d (n = 5): 'H  NMR (Me2S0 <fg) 5 1.15 [m, CH2(C //2)3CH2, 6  H), 1.59 (m, 
CH2CH, 4 H), 3.49 (t, CH, J  = 7.2 Hz, 2 H), 3.54 (s, C ^2°H , 24 H), 4.65 (s, 
Cn^OH, 12 H), 7.41 (bs, NT/, 4 H); IR (KBr) 3312, 2948, 2928, 2895, 1655, 1632,
1464, 1030 cm '.
81e (n = 6 ): 'H  NMR (MezSO-^/g) 8 1.15 [m, CH2(CT/2)4CH2, 8 H), 1.59 (m, 
CT/2CH, 4 H), 3.49 (t, CH, J  = 7.2 Hz, 2 H), 3.54 (s, CT/2OH, 24 H), 4.65 (s, 
CH2OT/, 12 H), 7.41 (bs, NT/, 4 H); IR (KBr) 3312, 2940, 2856, 1655, 1630, 1462, 
1030 cm '.
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81f (n = 7): *H NMR (Me^SO-^/g) 8 1.15 [m, CH2(C //2)sCH2, 10 H), 1.59 (m, 
Œ 2CH, 4 H), 3.49 (t, CH, J  = 7.2 Hz, 2 H), 3.54 (s, C //2OH, 24 H), 4.65 (s, 
CH2 OH, 12 H), 7.41 (bs, N ^ , 4 H); IR (KBr) 3312, 2949, 2857, 1655, 1630, 1462, 
1030 cm '\
81g (n = 8): 'H  NMR (Me2S0-J<;) 5 1.15 [m, CH2(C ^2)6CH2\ 12 H), 1.59 (m, 
CH2CH, 4 H), 3.49 (t, CH, J  = 7.2 Hz, 2 H), 3.54 (s, CE2OH, 24 H), 4.65 (s, 
CH2O //, 12 H), 7.41 (bs, NH, 4 H); IR (KBr) 3320, 2928, 2857, 1657, 1632, 1462, 
1028 cm'*.
81h (n = 9): ^H NMR (MegSO-f/g) 8 1.15 [m, CH2(CH2)?CH2, 14 H), 1.59 (m, 
CH2CH, 4 H), 3.49 (t, CH, J  = 7.2 Hz, 2 H), 3.54 (s, CH2OH, 24 H), 4.65 (s, 
CH2OH, 12 H), 7.41 ib s , NH, 4 H); IR (KBr) 3320, 2955, 2926, 2855, 1655, 1630, 
1462, 1030 cm *.
81i (n = 10): ^H NMR (MejSO-Jg) 8 1.15 [m, CH2(CH2)gCH2, 16 H), 1.59 (m, 
CH2CH, 4 H), 3.49 (t, CH, J = 7.2 Hz, 2 H), 3.54 (s, CH2OH, 24 H), 4.65 (s, 
CH2OH, 12 H), 7.41 (bs, NH, 4 H); IR (KBr) 3312, 2949, 2857, 1655, 1630, 1030 
cm"*.
81j (n = 11): 'H  NMR (Me2SO-cf6) 8 1.15 [m, CH2(CH2)çCH2, 18 H), 1.59 (m, 
CH2CH, 4 H), 3.49 (t, CH, J = 7.2 Hz, 2 H), 3.54 (s, CH2OH, 24 H), 4.65 (s, 
CH2OH, 12 H), 7.41 (bs, NH, 4 H); IR (KBr) 3320, 2928, 1656, 1631, 1028 cm \
81k (n = 12): ‘H NMR (Me2S0-dg) 8 1.15 [m, CH2(CH2),oCH2, 20 H), 1.59 (m, 
CH2CH, 4 H), 3.49 (t, CH, J = 7.2 Hz, 2 H), 3.54 (s, CH2OH, 24 H), 4.65 (s, 
CH2OH, 12 H), 7.41 (bs, NH, 4 H); IR (KBr) 3320, 2955, 2855, 1655, 1632, 1030 
cm’*.
811 (n = 13): *H NMR (Me2S0-(fg) 8 1.15 [m, CH2(CH2)uCH2, 22 H), 1.59 (m, 
CH2CH, 4 H), 3.49 (t, CH, J  = 7.2 Hz, 2 H), 3.54 (s, CHgOH, 24 H), 4.65 (s.
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C H jO ;/, 12 H), 7.41 (bs, NH, 4 H); IR (KBr) 3312, 2948, 2895, 1655, 1632, 1030 
cm'*.
Dimethyl Pimelate. A stirred mixture of pimelic acid (4.81 g, 30 mmol), MeOH 
(25 mL), and concentrated H2SO4 (2.5 mL) was refluxed for 24 h. Upon cooling, 
water (80 mL) was added and the mixture was extracted with CgHg (2 x  25 mL). The 
organic extract was sequentially washed with water (80 mL), 5% aqueous Na2CÛ3 (60 
mL), and water (60 mL), dried over anhydrous MgSO^ and concentrated in vacuo to 
give a residue which was distilled to afford (85%) dimethyl pimelate, as a colorless 
oil: 4.79 g; bp 78-80 °C (1.0 mm) [lit bp:*^’  121-122 °C (11.0 mm)]; *H NMR Ô
1.56 (m, {CH2 )3 , 6  H), 2.32 (t, C //2CO2, J  = 7.0 Hz, 4 H), 3.66 (s, OCH3, 6  H); 
NMR Ô 24.6 (CH2CH2CO2), 28.7 (CH2CH2CH2CO2), 33.9 (CH2CO2), 51.5 (OCH3),
174.3 (C=0); IR (thin film ) 2953, 2866, 1740 (C=0), 1200, 1174, 1090 cm'*; Anal. 
Calcd for CgHigO :^ C, 57.43; H, 8.57. Found: C, 57.29; H, 8.61.
Dimethyl Dodecanedioate. A  stirred mixture of 1,12-dodecanedioic acid (4.60 
g, 20 mmol), MeOH (20 mL), and H2SO4 (2 mL) was refiuxed for 24 h. After 
cooling, water (80 mL) was added and the mixture was extracted with CgHg (2 x 
30 mL). The organic extract was washed with water (60 mL), 5% aqueous Na2C03  
(50 mL), and water (60 mL), then dried over anhydrous MgS0 4  and concentrated in 
vacuo. The residue was distilled to give (93%) the dimethyl ester, as a colorless 
solid: 4.82 g; mp 30-31 °C [lit.*^^ mp: 31-31.5 °C]; bp 123-125 °C (1 mm) [lit.*^^'*^* 
bp: 167-169 °C (9 mm)]; *H NMR 6 1.28-1.61 (m, 16 H), 2.30 (t, CH2 CO2 ,
J  = 7.0 Hz, 4 H), 3.66 (s, OCH3 , 6  H); *^C NMR S 25.1 (CH2CH2CO2), 29.3 &  29.5 
[(CH2)4CH2CH2C0 2 ], 34.2 (CH2CH2CO2), 51.5 (OCH3), 174.5 (C=0); IR (KBr) 2928, 
2856, 1741, 1199, 1172, 1012 cm'*; Anal. Calcd for CMH26O4: C, 65.09; H, 10.14. 
Found: C, 64.95; H, 9.95.
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A ^^'-B is[2-hydroxy-l,l-W î(hydroxym ethyl)ethyl]-l,(o-alkanedicarboxainide 
(82(a-c), [3]-n-[3]-Arborols). General Amide Formation. A mixture o f tm(hydroxy- 
methyl)aminomethane (16.0 mmol), diester (8 .0  mmol), and anhydrous K^CO^ (25 
mmol) in MegSO (25 mL) was stirred at 25 °C for 24 h. The solution was filtered, 
the solid washed with Me^SO (10 mL), and the combined filtrate concentrated in 
vacuo. The residue was dissolved in water and precipitated by the addition of acetone 
then filtered to give the desired diamide 82, as a white solid.
82a (n = 3); 1.78 g (6 6 %); mp 120-122 °C; NMR (MejSO-dg) 5 1.67 (m, 
CH2Œ2CH2, 2 H), 2.12 (t, C//2CH2CH2, J = 6.4 Hz, 4 H), 3.52 (s, C//2OH, 12 H), 
4.74 (s, OH, 6  H), 7.06 (s, NH, 2 H); NMR (Me2S0 -jg) S 21.6 (CH2), 35.1 
(CH2CONH), 60.7 (CH2OH), 62.2 (C40), 173.6 (C=0); IR (KBr) 3278, 2998, 2996, 
2941, 2896, 1648 (amide I), 1636 (amide II), 1036 cm'^  Anal. Calcd for Ci3H26N20g: 
C, 46.15; H, 7.75; N, 8.28. Found: C, 46.22; H, 7.60; N, 8.18.
82b (n = 5): 2.40 g (82%); mp 131-133 °C; NMR (Me2S0 -dg) 5 1.3 [m, 
CH2(CH2)3CH2, 6H], 2.12 (t, OCCH2, J  = 6.4 Hz, 4 H), 3.50 (s, CH2OH, 12 H), 4.76 
(s, OH, 6  H), 7.09 (s, NH, 2 H); NMR (MegSO-^g) 8  25.0 (CH2), 28.1 
(CH2CH2CONH), 35.7 (CH2CONH), 60.9 (CH2OH), 62.2 (Q .), 174.0 (C=0); IR 
(KBr) 3261, 3101, 2941, 1627 (amide I and amide II), 1043 cm'^ ; Anal. Calcd for 
C i5H3oN2 0 g: C, 49.17; H, 8.25; N, 7.65. Found: C, 48.92; H, 8.35; N, 7.58.
82c (n = 10): 2.68 g (77%); mp 143-145 °C; ‘H NMR (Me2S0 -rfg) 5 1.23 [s, 
(CH2)e, 12H], 1.43 (m, OCCH2CH2, 4 H), 2.12 (t, OCCH2, J  = 6.4 Hz, 4 H), 3.50 
(s, CH2OH, 12 H), 4.74 (s, OH, 6  H), 7.06 (s, NH, 2 H); "C  NMR (Me2S0 -dg) 8
25.3 (CH2), 28.5, 28.7, 28.9, 35.9 (CH2CONH), 60.9 (CH2OH), 62.2 (C40), 174.0 
(C = 0 ); IR (KBr) 3316, 2936, 2923, 2874, 2852, 1623 (amide I  and amide H), 1045 
cm 'i; Anal. Calcd for C2oH4oN2 0 g: C, 55.03; H, 9.24; N, 6.42. Found: C, 54.96; H,
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9.07; N, 6.33.
Reaction o f Hexaethyl 1,1,1,10,10,10-Decanehexacarboxylate w ith  Other 
Amines. Hexaester 78f (250 mg, 435 pmol) and fert-butylamine (83a: 230 mg, 3.14 
mmol) [or 4-amino-1-butanol (83b: mg, mmol), or 3-amino-1-propanol (83c: 233 mg, 
3.10 mmol), or 2-amino-1-ethanol (83d: 193 mg, 3.16 mmol), or 2-amino-2-methyl- 
1-propanol (83e: 281 mg, 3.15 mmol)] were dissolved in MejSO (5 mL) and 
anhydrous K2CO3 (100 mg) was added. The reaction was stirred for 15 h at 25 “C, 
filtered, and the MejSO removed in vacuo. The rm-butylamine (83a) and 4-amino-
1-butanol (83h), and 2-amino-2-methyl-l-propanol (83e) reactions all gave oils (230 
mg, 221 mg, and 232 mg, respectively), whose ‘H and NMR spectra were 
identical to pure 78f.
The 3-amino-1-propanol (83c) and 2-amino-1-ethanol (83d) reactions gave oils 
(200 mg and 193 mg, respectively). The NMR spectral data indicated the 
presence o f triester and malonate moieties in both samples; the relative intensities 
manifested more extensive decarbalkoxylation in the 2 -amino-1-ethanol reaction: 
NMR 5 13.5 &  13.7 (OCH2CH3), 24.4 [triester: C-3(8)], 26.9 [malonate: C-3(8)], 28.4 
[mal: C-2(9)], 28.8 [mal: C-4(7) &  C-5(6); tri: C-4(7)], 29.5 [tri: C-5(6)], 33.0 [tri: 
C-2(9)], 51.8 (mal-CH), 60.9 (mal: OCH2CH3), 61.6 (tri: OCH2CH3), 65.6 (tri; Q .),
167.1 (tri: CONH), 169.5 (mal: CONH).
The reaction with 2-amino-1-ethanol was repeated with heating to 85 °C for 15 
h; the relative peak intensities for the triester and malonate moieties in the NMR 
spectrum indicated that this material was highly decarbalkoxylated.
Reaction o f Hexaethyl 1,1,1,10,10,10-Decanehexacarboxylate w ith  2-Amino-
2-methyI-l,3-propandiol. Hexaester 78f (250 mg, 435 |jmol) and 2-amino-2-methyl- 
1,3-propandiol (275 mg, 2.61 mmol) were dissolved in Me2S0  and anhydrous K 2CO3
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(100 mg) was added. The reaction was stirred at 25 °C for 15 h, filtered, and 
evaporated in vacuo to give a light yellow oil, which was purified by HPLC (Zorbax- 
ODS) eluting w ith 100% water until the first peak was collected, then gradient elution 
w ith MeCN-HjO (0% to 50% MeCN, 20 min) to give a second fraction. The first 
fraction contained the 5-hydroxymethyI-5-metliyI-2-oxazoIidone (85): 111 mg (97%); 
mp 109-111 °C; 'H  NMR 6  1.13 (s, C //3, 3 H), 3.24 (s, C //2OH, 2 H), 3.34 (s, 
CH^OH, 1 H), 3.83 (d, COjC/Z^H^, J^„ = 8.34 Hz, 1 H), 4.15 (d, COgCH^^, 7, ^  = 
8.34 Hz, 1 H), 7,45 (N fl); '^C NMR 8 22.4 (CCH3), 58.1 (C40), 66.4 (CHjOH), 72.0 
(CH2O2CNH), 158.6 (C=0); IR (KBr) 3285, 2976, 2931, 2876, 1743, 1475, 1400, 
1302, 1261, 1193, 1046, 1008, 969, 934, 826, 771, 711 cm '. Anal. Calcd for 
C5H9NO3: C, 45.80; H, 6.92; N, 10.68. Found: C, 45.57; H, 6.93; N, 10.69.
The second fraction was N ,N '’,iV",N '"-/e/raA:w[l,l-W s(hydroxym ethyI)ethyl]- 
1,1,10,10-decanetetracarboxamide (84): 235 g (81%); 'H  NMR 8 1.12 [s, CH^ & 
(C ^2)g, 24H], 1.61 (m, C //2CH, 4 H), 3.02 (t, CH, J  = 7.1 Hz, 2 H), 3.42 (s, 
C //2OH, 16 H), 4.78 (s, CH2O //, 8 H), 7.45 (s, N7f, 4 H); '^C NMR 8  18.1 (CH3), 
18.5 (CH3), 26.8 (C-2 &  C-9), 28.9 (C-4, C-5, C-6 , and C-7), 30.5 (C-3 &  C-8 ), 54.1 
(CH), 57.9 (CO2CH2), 58.5 (CO2CH2), 63.7 (CH2OH), 64.1 (CH2OH), 78.4 (C40), 
170.9 (C=0), 171.4 (C=0); Anal. Calcd for C3oH5gN4 0 ,2: C, 54.04; H, 8.77; N, 8.40. 
Found: C, 49.86; H, 8.16; N, 7.35.
A^-[2-hydroxy-l,l'^ù(hydroxym ethyI)ethyI]acetainide (8 8 ). A  mixture of ethyl 
acetate (23.0 g, 0.26 mol), rrw(hydroxymethyl)aminomethane (31.25 g, 0.25 mol), 
and K 2CO3 (3.00 g) in Me2SO (100 mL) were stirred for 15 h. The majority o f the 
Me2SO was removed in vacuo to afford a thick oil; upon standing the desired 88 
precipitated. The white solid was collected by filtration and recrystallized from 
acetone to give (94%) 8 8 : 38.3 g; mp 132.7-133.6 °C [lit'° '' mp 133-134 °C]; 'H
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NMR (D 2O ) 5 1.85 (s, C //3 C O , 3 H), 3.49 (d, Œ jO H , J  = 5.74 Hz, 6  H), 4.71 (t. 
Off, J  = 5.74 Hz, 3 H), 7.14 (bs, N //, 1 H); "C  NMR (D2O ) 5 23.6 (CH3), 61.4 
(C H 2O H ), 62.8 (C4.), 175.8 (C = 0 ); IR (KBr) 3443, 2890, 1630, 1572, 1435, 1356, 
1329, 1285, 1240, 1150, 1121, 1049, 972, 884, 691 cm *; Anal. Calcd for C6H13NO4: 
C, 44.17; H, 8.03; N, 8.58. Found; C, 44.36; H, 8.16; N, 8.67.
Gel-Solution Phase Transition. Aqueous solutions o f 79h (2.12, 4.34, 6.22, and 
8.15 wt%) were prepared using water from a 3-stage M illipore R/Q water purified. 
The gels were heated above the phase transition (ca. 80 °C) filtered through Durapore 
0.22 |am filters into precleaned fluorimeter cells. Portions o f these samples were used 
for polarized light microscopy. Gel melting points were determined by the 
disappearance o f birefringence between crossed polars on an Olympus BH-2 
microscope using a Mettler FP800 thermally controlled stage. The phase transition 
temperatures were also observed by light scattering experiments performed a scattering 
angle (0) o f 90°. The instrument consisted o f a Hughes helium-neon laser. Pacific 
Precision Instruments Model 126 photon counting system, and Hamamatsu R928P 
photomultiplier. Temperature regulation was accomplished either by a Lauda RCS- 
6  bath or an Omega CN-2010 electrical temperature controller. Phase transition 
temperatures were taken as a decrease o f the scattered intensity to 10% of its in itia l 
value.
pH  S tability o f Gels. The pH o f the solutions was measured with a Coming 
Model 7 pH meter using a combination electrode. The arborol (20 mg) was added 
to the solution (0.40 mL) and the mixture warmed until a homogenous solution was 
obtained (ca. 80-90 °C). A fter cooling to 25 °C, the occurrence of gel formation was 
noted. For data, see Table Xin.
Molecular Modeling. The calculations were performed on a Silicon Graphics
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IRIS 4D/50GT superworkstation using Polygon’s QUANTA/CHARMm software. 
Preliminaiy stmctures were input via ch em n ote  and minimized, using in itia lly the 
Conjugate Gradient then the adopted-basis Newton-Raphson method, until the RMS 
deviation was < 0.001 kcal/Â. The molecules were solvated by surrounding them 
with a 15 Â radius sphere o f water molecules; the solvated structures were minimized 
as above. Molecular dynamics were performed with 2,000 steps (2.0 ps) o f heating 
to 298 °C, 3,000 steps (3.0 ps) o f equilibration, and 20,000 steps (20.0 ps) of 
simulation. The final structures were minimized via adopted-basis Newton-Raphson 
until the RMS deviation was < 0.001 kcal/Â.
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Chapter 4. Attachment of Cascade Spheres to Benzyl Halide 
Moieties. Synthesis and Characterization of 
Benzene-[9]^ ArboroF and Modification of 
Poly(vinylbenzyl chloride).
Introduction
As mentioned in Chapter 2, aggregate shape is dependent upon the topology of 
the assembled molecules;*^  ^ for example, several o f the dumbbell-shaped two- 
directional arborols (e.g., 79h) formed rod-shaped aggregates (and gels) in aqueous 
solution while no gelation was observed for the one-directional arborols (e.g., 11). 
Furthermore, arboreal molecules possessing multiple cascade spheres may form a 
unimolecular micelle. The previously described one-^ ® and two-directional*^^ arborols 
were synthesized via general procedures, which can be applied to virtually any alkyl 
halide, to generate a hydrophilic surface over a lipophilic core. Utilization o f different 
core substrates w ill create arborols w ith varying topologies and, thus, different 
aggregate shapes.
.o A '
HO
'  i S - . . ...
OH
-^HNCO^J t X^CQNtL^OH HQ" ^HNCO-t^  ^  ^  ^  ^  ^  \
-if;: iS-'
OH OH /  HO HO 79h
A logical extension o f this work was the preparation o f molecules possessing 
three or more cascade attachments. The facile functionalization o f 1,3,5-trimethyl-
'* For preliminary communication, see reference 27: Newkome, G. R.; Yao, 
Z.-Q.; Baker, G. R.; Gupta, V . K.; Russo, P. S.; Saunders, M . J. J. Am. Chem. Soc. 
1986, 108, 849.
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benzene (mesitylene) has provided a convenient route to a three-directional arborol, 
while the commercially available poly(vinylbenzyl chloride) has permitted the use of 
arborol methodology for the modification o f polymers.
Mesitylene was easily converted to l,3,5-nw(bromomethyl)benzene, which was 
converted to a three-directional arborol where the three cascade spheres are 
symmetrically attached to a central benzene. The size and proxim ity o f the three 
spheres should form a triad defined by the apices o f an equilateral triangle (Figure 
11). Measurements determined from CPK models and from molecular modeling 
calculations*®® indicate that each sphere is ca. 13 Â in diameter and the spheres are 
separated by ca. 5-7 Â (center-center). The resolution o f the available transmission 
electron microscope was <4 Â; thus, electron microscopy should permit direct 
visualization o f the arborol and its molecular triad.
HO,
OH OH OH OH
HO
" V  y C 'H
OH HNCOyCONH ^ O H  
CONH-r^OH
6 . 8
H O ^
HNCO 
13  “ ° ~ X H N C O -
H O ^  HNCO
” "o'h 0»
h.........................1 8 ...........................H
Figure 11. Topology of the Benzene-[9]^ -arborol (10).
One potential application o f the simplified arborol synthesis is the modification 
o f polymers. Chemical reactions o f polymers have been reviewed.*^® Attachment of 
the hydrophilic cascade spheres to a polymer backbone w ill alter the physical
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properties o f the polymer by increasing the hydrophilicity.*^* The wettability o f the 
polymeric belts used in the manufacturing o f paper has a large impact upon the length 
of time between belt cleaning. A more hydrophilic belt should allow a longer time 
between cleaning.*^* For proof-of-concept, commercial poly(vinylbenzyl chloride) was 
modified via the two-step sphere synthesis: alkylation o f triethyl methanetricarboxylate 
and amidation with /r/s(hydroxymethyl)aminomethane.
Synthetic Aspects
The synthesis o f the benzene arborol 10 began with the free radical bromination 
of m esitylene^w ith AT-bromosuccinimide in carbon tetrachloride to give (30%) 1,3,5- 
fm(bromomethyl)benzene (89). As an alternate procedure, 89 was prepared by 
estérification o f 1,3,5-benzenetricarboxylic acid,’ ^^ ’*^ '* reduction of the resultant ester
Me
MBS
B r
B r
Me-—  —
89
with LiA lH^, and subsequent reaction o f trio l 90 with While the latter
sequence is longer, the overall yield is comparable to the NBS bromination (ca. 40%) 
and the purifications are simpler. The and NMR spectra o f 1,3,5- 
trw(bromomethyl)benzene were obtained for comparison with the spectra o f successive 
products. The NMR spectrum o f 89 consists o f a singlet at 5 4.48 for the a- 
methylenes and a second singlet at 5 7.35 assigned to the aromatic methines. In the 
NMR spectrum o f 89, the three unique carbon resonances occur at S 32.2, 129.8, 
and 139.4, which are assigned to the methylene, the aromatic methine, and the ipso- 
aromatic carbons, respectively.
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COjMe
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B r
B r
8 9
The primary branching tier of the cascade was introduced by treatment of 89 
with 3 equivalents of NaC(C0 2 Et)g in C^Hg-DMF at 90 “C to give (88%) the 
nonaester 91, The NMR o f the nonaester contained the triplet and quartet pattern 
characteristic o f an ethyl ester (5 1.21 and 4.19, J  = 7.2 Hz) and the complete 
disappearance o f the C H ^ r  resonance (S 4.48). Complete alkylation o f all three 
bromomethyl moieties was further evidenced by the symmetric NMR spectrum 
(only 7 carbon resonances) in  which the benzyl methylene carbons shift (A5 = +6.2) 
from Ô 32.2 to 38.4 upon alkylation o f the triester. The infrared spectrum o f 91 was 
dominated by the very strong C=0 stretch at 1746 cm‘  ^ confirming the presence of 
the esters.
B r
B r
8 9
NoCCCOjEI) j
C j H j - D M F  ( 1 : 1 )  
110 “ C. 2 4 h
E t OjC
E t 0  2 C 
E t O j C
E 1 OgC COjE t 
CO2 E t
E t O j C '
9 1
COgE 1
COgE t
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The second tier, which incorporates the polar (hydroxyl) functional groups, was 
once again introduced by amide formation. Nonaester 91 was treated with tris- 
(hydroxymethyl)aminomethane in MejSO and anhydrous K 2CO3 at 70 °C to give 
(40%) the benzene-[9]^ arborol (10). Successful amide formation was indicated by 
NMR and IR spectroscopy. The ’H NMR spectrum (D^O) o f 10 was simple: three 
singlets at 5 3.25, 3.68, and 7.00 assigned as A1 CH2 , C //2OH, and AiH, respectively. 
The NMR spectrum o f 10 consisted o f 7 peaks, which is consistent with the 
proposed symmetric structure; the -OCH2CH3 resonances o f 91 (S 13.15 and 61.9, 
respectively) disappeared and resonances assigned to -NHC(CH2 0 H)3 (5 64.0 and 
63.4, respectively) appeared. The C=0 resonance shifts downfield (A6 = -8.2) upon 
amide formation (91: 5 166.4 to 10: 8 174.6). The infrared spectrum confirmed the 
complete amidation o f 91: the amide C=0 stretch for 10 at 1680 cm’* versus the ester 
C=0 stretch for 91 at 1746 cm'*. Arborol 10 is very hygroscopic, highly water 
soluble, and its aqueous solutions possess typical surfactant properties. Satisfactory 
elemental analysis (±0.4%) was not obtained, even after drying in vacuo.
The structure o f 10 was further substantiated by conversion into its benzoate 
derivative; thus, 10  was treated with an excess o f benzoyl chloride under standard 
conditions*^® to afford (90%) the rm(nonabenzoate) 92. The *H NMR o f 92 exhibited 
broad lines characteristic o f a slow rotational correlation time*^’  which arises from the 
expected steric crowding within the capped arborol spheres. In the *^C NMR 
spectrum, only the benzoyl carbon resonances (5 127.2, 128.6, 129.8, 133.6, 162.8) 
and the amide carbonyl (8  166.2) were detected due to line broadening, which is a 
result o f steric crowding.***** As expected, the infrared spectrum contained two C=0 
stretching frequencies fo r the amide and benzoyl carbonyls (1680 and 1725 cm’*, 
respectively). Ester 92 is highly soluble in organic solvents (e.g., CHCI3, CgHg,
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CH3COCH3) and completely insoluble in water; it is, however, very hygroscopic] 
Satisfactory combustion analysis (±0.4%) could not be obtained for ester 92 due to 
its hygroscopicity.
The ease o f attachment o f branched spheres to a polymer backbone was 
investigated by application o f the alkylation/amidation procedure to a functionalized 
polystyrene. Commercially available poly(vinylbenzyl chloride), comprised o f o- and 
p- isomers (60:40), was dissolved in CgHg-DMF (1:1) and reacted with NaC(C0 2 Et)3 
at 90 °C to give the poly(triester) 93, as a glassy solid. The successful alkylation of 
a preponderance o f the chloromethyl moieties was evident from a comparison o f the 
*H NMR spectra of the product and the starting benzyl chloride (Figure 12b versus 
12a); the size o f the ArC/ZjCl resonance at 5 4.50 is considerably reduced, and new 
resonances have appeared for -0 CH2C ^3, ArC7/ 2C(C0 2 Et)3, and -OCi¥2CH3 at ca. 5 
1.1, 3.1, and 4.0, respectively. The broadened signals in the *H NMR spectra, shown 
in Figure 12, are a result o f the inherently slow molecular motion of polymers 
(macromolecules), which leads to an increase in T, and a decrease in T2 . The signals 
are broadened since AVi/2 1/7^, where AVy2 is the linewidth at half-maximum 
intensity.*^’  The infrared spectrum o f 93 confirmed the presence of the esters [1744 
(C=0) and 1250 (C-0) cm '].
-CHjC
93
The poly(triester) 93 was converted to the poly(triamide) 94 by treatment with 
trw(hydroxymethyl)aminomethane and K2CO3 in MejSO at 70 °C. Inspection o f the 
'H  NMR spectrum o f 94 (Figure 12c) shows the absence o f the -OCH2 CH2
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Figure 12. 'H  NMR Spectra of; (A) Poly(vinylbenzyl chloride); (B) Poly{vinyl[2,2,2-/m(ethoxy- 
carbonyI)ethyI]benzene} (93); (C) Poly{vinyl[3-[[2-hydroxy-l,l-Wr(hydroxymethyI)ethyI]amino-2,2-Wj- 
[[[2-hydroxy-l,l-fcis(hydroxymethyl)elhyl]amino]carbonyl]-3-oxopropyl]benzene} (94).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
112
resonances o f 93 (Figure 12b). The infrared spectrum o f 94 also indicated successful 
amide formation via a shift o f the carbonyl fiequency [1744 cm ' (C=0, ester) to 
1734 cm '(C =0, amide I)] and the appearance o f the N-H bend [1718 cm ' (N-H, 
amide H)]. As anticipated, poly(triamide) 94 is slightly soluble in water; the aqueous 
solution foams upon agitation.
-N: yC."
H j HC ( CH j O H ) ,  C O N HC O , E  f
C H , C — C O , E  1
COjE t
C H ^ C - C O N H - r  OH
9 4
- r ^ c
CONH V g ,  
'OH
OH
Characterization o f the Benzene-[9]^ A rborol
The mode and size o f aggregation o f arborol 10 were investigated by transmission 
electron microscopy and dynamic light scattering. An aqueous solution of arborol 10 
(0.7 mmol)'^ ® was negatively stained, air dried, and examined by transmission electron 
microscopy (TEM). A representative micrograph is shown in Figure 13, where 
aggregates o f 10  appear as light areas {ca. 100 Â diameter) against a dark 
background. Close examination o f Figure 13 reveals the triangular arrangement o f the 
spheres o f the molecules on the surface o f the aggregates. From CPK model 
dimensions, the radius o f a single sphere is ca. 7 A , which results in a triad volume 
o f 4310 A^. I f  the molecular triads assemble in a hexagonal closest packed 
arrangement, the molecules f i l l  74% o f the aggregate v o l ume .T hu s ,  the maximum 
number o f molecules in an aggregate o f radius 50 Â is 90.
The micellar character o f arborol 10 was further studied by light scattering 
experiments. The intensity o f scattered light (scattering angle 0 = 90°), as a function 
o f concentration, is shown in Figure 14a. The change in scattered intensity at a
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Figure 13. Transmission Electron Micrograph o f Aggregated Benzene-[9]^-arborol (10). Sample was negatively stained with 
2% phosphomngstic acid. Note aggregation o f 10 into micelles o f 75-200 Â diameter. Bar = 200 Â; 390,000x magnification; 80 
kV accelerating voltage.
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concentration o f 2.02 mM is indicative o f the onset o f aggregation, and is known as 
the critical micelle concentration (cmc). Dynamic light scattering o f the same solutions 
gave a Stokes radius for the aggregate o f ca. 950 Â (Figure 14b), which showed only 
minor dependence on concentration above the cmc. A t concentrations below the cmc, 
the solutions showed signs o f number fluctuations and/or dust, and are not reported. 
The large value o f the hydrodynamic radius compared to that obtained from electron 
microscopy might indicate an ordered sphere of hydration about the aggregates.
Experimental Section
General Comments are given in Chapter 2 (page 50) and Chapter 3 (page 85).
L igh t Scattering. Dynamic light scattering was performed by Dr. Paul S. Russo 
o f Louisiana State University. Aqueous solutions o f arborol 10 were prepared with 
water from a 3-stage M illipore R/Q water purifier and were filtered into precleaned 
fluorimeter cells via preassembled M illipore HV 0.45 filte r units. Light scattering 
studies were performed at 25.0 ±0 .1  °C and a scattering angle (0) of 90° on an 
instrument employing a Lexel Model 95 Argon ion laser (2 watts at 514.5 nm). 
Pacific Precision Instruments Model 9126 photon counting system, Hamamatsu R982P 
photomultiplier, 272 channel Langley Ford Model 1086 digital autocoiTelator, and 
IBM  PC-XT computer with 80 b it math coprocessor. Data analyses were made by 
first-, second-, and third-order cumulants using the theoretical baseline from intensity 
and run duration, and by a nonlinear least squares f it  w ith floating baseline. The 
optics were adjusted to detect a larger than normal scattering volume in order to 
minimize number fluctuation contributions to the correlation function; nonetheless, 
dynamic light scattering results at concentrations below ca. 1.0 mM showed signs of 
number fluctuations and/or dust, and are not reported.
13»5-7’m(methoxycarbonyI)benzene. Estérification*^^ o f 1,3,5-benzenetri-
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Figure 14. Light Scattering Results for Aqueous Solutions of Benzene-[9]^ -arborol (10). (A) 
Concentration dependence of the intensity of scattered light (scattering angle theta = 90°). The lines 
shown are the result of a least-squaies fit with m = 6175, b = 8478, = 0.967, and m = 40656, b
= -61017, = 0.999 for the data flxtm 0.137 mM to 1.64 mM and from 2.74 mM to 13.7 mM,
respectively (cmc = 2.20 mM). (B) Concentration dependence of the calculated Stokes radius. Values 
below 1.0 mM showed signs of an insufficient number of particles in the sample volume and have been 
omitted.
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carboxylic acid (2.08 g, 9.9 mmol) with MeOH (60 mL) and H^SO^ (1.0 mL) gave 
(84%) l,3,5-tris(methoxycarbonyl)benzene; 2.10 g; mp 145-146 ®C [lit.*^^ mp 144 °C]; 
‘H NMR 6 3.98 (s, O C//3, 9 H), 8.85 (s, ArH, 3 H); ‘^C NMR S 52.6 (OCH3), 131.2 
(CatCO), 134.4 (CatH), 165.2 (C=0); IR 1725 (C=0), 1240 (C-O) cm '.
i;3,5-rm(hydroxymethyI)benzene (90). The trimethyl ester (2.0 g, 7.94 mmol) 
was reduced w ith LiA lH ^ (1.0 g, 26.4 mmol) in ether (80 mL) as previously 
described'^ ^ to give (50%) 90: 660 mg; mp 76-78 °C [lit.*^^ mp 77 °C]; 'H  NMR 6 
4.62 (s, CH20K, 6  H), 7.28 (s, C ^ ,  3 H); IR (KBr) 3350 (OH), 1605 (ArCH) cm '.
l,3,5-7'm(bromomethyI)benzene (89). Method A. Free radical bromination of
1,3,5-trimethylbenzene (6.0 g, 50 mmol) by N-bromosuccinimide (28.50 g, 160 mmol) 
in refluxing CCI4 (130 mL) with benzoyl peroxide (25 mg), as initiator, gave (30%) 
89: 5.22 g; mp 94-95 °C [lit.'^^ 9 3 .9 4  o q
Method B. Phosphorus tribromide (750 mg, 2.80 mmol) was slowly added to a 
CH2CI2 (50 mL) solution o f l , 3 ,5 -/r/5(hydroxymethyl)benzene (90, 400 mg, 2.40 
mmol) at 0 °C. The reaction was stirred for an additional 30 min at 0 °C, then 
refluxed for 2 h. After cooling, the reaction mixture was poured onto crushed ice and 
extracted w ith CH2CI2 (2 x  25 mL). The combined extract was dried over anhydrous 
MgSO^ and the solvent was removed in vacuo to give crude product, which was 
recrystallized from petroleum ether to afford (90%) pure 89: 770 mg; mp 93-94 °C 
[lit.'^ - mp 93-94 °C]; 'H  NMR 5 4.48 (s, CH2 BT, 6  H), 7.35 (s, AiH, 3 H); '^C 
NMR Ô 32.2 (CH2Br), 129.8 (Ca^H), 139.4 (.CJ2).
Trie thyl a,a,a^a',a",a"-ffexaW s(ethoxycarbonyl)-l,3,5-benzenetripropanoate 
(91). A stirred CgHg-DMF (30 mL, 1:1) solution o f 89 (200 mg, 0.56 mmol) and 
NaC(C0 2 Et)3 (512 mg, 2.02 mmol) was heated at 110 °C fo r 24 h. Upon cooling, 
CgHg (100 mL) was added and the solution was washed w ith water (3 x 100 mL).
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The organic fraction was dried over anhydrous MgSO^, then concentrated in vacuo 
to give (8 8%) the nonaester 91, as an oil. The crude nonaester was purified by elution 
on a short SiOj column (Q H ij-E tA c, 4:1) to give pure 91: 500 mg; *H NMR 6 1.21 
(t, OCH2C //3, J  = 7.2 Hz, 27 H), 3.41 (s, ArCTfg, 6  H), 4.19 (q, J  = 7.2
Hz, 18 H), 7.01 (s, hxH, 3 H); NMR Ô 13.15 (CHgCH;), 38.4 (ArCH^), 61.9 
(OCH2CH3), 66 .6  [C(C0 2 )], 131.5 (CatH), 134.9 iCfjC.), 166.4 (C=0); MS m/e 870 
(M+, 6 ), 765 (M+-OEt, 3), 737 (M+-C02Et, 2), 691 (M+.C5H 11O3, 19), 666  (M+- 
CgHgO ,^ 9), 645 (M^-C,7H,704, 58), 547 (M+-C;2H230g, 24), 415 (M+-C,gH330g, 
100); IR (neat) 1746 (vs, ester C=0) cm '\ Anal. Calcd for CgpHg^O^g: C, 57.77; H, 
6.71. Found: C, 57.91; H, 6.72.
A ,A^'',A^"-Tm [2-hydroxy-l,l-W s(hydroxym ethyI)ethyl]-a,a,a^a',a",a"-/reA:a- 
W s[[[2-hydroxy-l,l-W ï(hydroxym ethyl)ethyl]am ino]carbonyI]-l,3 ,5-benzenetri- 
propanamide (10, benzene-[9]^ arborol). A Me2S0  (20 mL) solution o f nonaester 
91 (280 mg, 0.35 mmol), tm(hydroxymethyl)aminomethane (410 mg, 3.42 mmol), 
and anhydrous K2CO3 (430 mg) was stirred for 6  h under nitrogen. The solution was 
filtered, then evaporated in vacuo to give a residue, which was recrystallized from 
EtOH to afford (^% ) 10, as a white powder: 196 mg; mp 135-140 °C; ^H NMR 
(D2O) Ô 3.25 (s, kxCH 2 , 6  H), 3.68 (s, CH2OH, 54 H), 7.00 (s, ArH, 3 H); "C  NMR 
(D2O) S 38.6 (ArCH2), 63.4 (CH2OH), 64.0 (NHC), 64.4 [C(CO)], 132.5 (Ca^H),
139.2 (CatCH2), 174.6 (C=0); IR (Nujol) 1680 (amide C=0) cm \
y v  " - 7 m [2-ben2oyloxy"l,l-W 5[(benzoyloxy)inethyl)ethyI]-a,a,a ',a  
^exa^is[[[2-(benzoyloxy)-l,l-^fr[(beiizoyIoxy)inethyl)etbyl]am ino]carbonyl]-l,3,5- 
benzenetripropanamide (92). Treatment o f the benzene-[9]^ arborol (10; 50 mg, 
34.0 jamol) w ith benzoyl chloride (140 mg, 1.00 mmol) by known procedures'^ ® gave 
(90%) 92, as a white solid: 130 mg; mp 88-90 °C; *H NMR 5 3.59-5.04 (bs, ArCHj,
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C H p  and N //, 69 H), 6.90-8.20 (m, kxH, 138 H); NMR 5 127.2 (l-C ^,), 128.6 
&  129.8 (2-Cat and S-C^r), 133.6 (4-C^), 162.8 (COj), 166.2 (CONH); IR (CHCI3) 
1725 (vs, ester C=0), 1680 (amide C=0) cm'*.
Poly{vinyl[2,2,2-rrfs(ethoxycarbonyl)ethyl]benzene} (93). Poly(vinylbenzyl 
chloride) [Aldrich Chemical, o-lp- mixture (60:40); 5.00 g, 32.8 mmol] was dissolved 
in CgHg-DMF (50 mL; 1:1) and a solution o f NaC(C0 2Et)3 (8.5 g, 33.5 mmol) in 
DMF (5 mL) was added. The mixmre was warmed to 90 “C for 15 h under N j, then 
cooled and filtered. The filtrate was diluted with CgHg (100 mL) and the organic 
solution was washed w ith water (3 x 100 mL). The CgHg solution was dried over 
anhydrous MgSO^ and evaporated in vacuo to give (90%) 93, as a glassy solid: 10.35 
g; *H NMR (Me^SO-f/g, 80 °C) see Figure 12b; IR (thin film ) 3060 (ArCH), 2984 
&  2934 (CH), 1744 (C=0), 1250 (C-O), 860 (p-disubs), 710 (o-disubs) cm'*; Anal. 
Calcd for C^pH^^Og: C, 65.50; H, 6.94. Found: C, 66.73; H, 6.79.
P o ly{v iny I[3 -[[2 -h yd ro xy-l,l-6 /s (hyd ro xym e th y l)e th y l]am in o -2 ,2 -6 is [[[2 - 
hydroxy-l,l-W s(hydroxyinethyl)ethyl]am ino]carbonyl]-3-oxopropyl]benzene}. (94, 
Poly(vinylbenzyl [9]-arborol)). The poly(triester) 93 (5.00 g, 14.4 mmol) and tris- 
(hydroxymethyl)aminomethane (5.21 g, 43.1 mmol) were dissolved in MejSO (25 
mL), anhydrous K 2CO3 (500 mg) was added and the mixture was stirred at 70 °C for 
15 h. Upon cooling the reaction was filtered, and the Me2S0  was removed by 
vacuum distillation to give (91%) 94: 7.50 g; *H NMR (Me2S0 -Jg, 80 °C) see Figure 
12c; m  (thin film ) 3400 (OH, NH), 3085 (ArCH), 2924 &  2871 (CH), 1734 (C=0, 
amide I), 1718 (NH, amide II) cm'*; Anal. Calcd for C25H39N3O12: C, 52.35; H, 6.85; 
N, 7.33. Found: C, 51.01; H, 6.39; N, 3.81.
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Chapter 5. Synthesis of a Series of Bw(thioether) Tetradentate 
Ligands.
Introduction
Intramolecular organometallic reactions have been widely studied during the past 
decade. Most o f the complexes formed via cyclometalation are conveniently 
represented by structure 95, where Y is usually a Lewis base, ie. an electron pair 
donor, which is connected to a sp^ or sp^ carbon (Q  donor. The chelate ring is 
composed o f from three to seven atoms, with a five-membered ring being most 
prevalent. This type of cyclometallated complex has been the topic o f several 
important reviews.*'*® '
95
We previously reported the synthesis and characterization o f a new class of 
organometallic Pd(II) complexes, which employed functionalized dipyridine or 
phenanthroline ligands (e.g., 96 and 97, respectively).*^'* These complexes were among 
the first examples to incorporate a cw-tetradentate framework where partial 
coordination o f the square planar metal is via sp^ anionic C-Pd bonds (e.g. 98 and 
99). The formation o f the corresponding platinium*^^ and nickel*^® complexes o f the 
dipyridine 96 was later accomplished only after modification o f the reaction 
conditions. In addition, the rigid heteroaromatic backbone o f phenanthroline hindered 
the formation o f the 6w-metallated complex; only the mono-metallated complex 99 
was isolated.*^'* As yet, attempts to incoiporate these ligands into organometallic 
complexes o f non-platinum group metals have failed; the rig id ity inherent in the
119
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heteroaromatic ligands 96 and 97 interferes with their ability to "wrap" around the 
metal and thus accommodate geometries that vary greatly from square planar.
ROj
C O ; R
COjR
P d C l ,
CH, CN,  A
9 6
R O , C C O , R
RO;C COjR
N -- N
0 %C
ROjC COjR
9 7
P d C  I .
CHj CN,  A
RO
9 9
To circumvent the innate rigid ity o f these heteroaromatics, the synthesis o f a 
variety o f acyclic tetradentates was initiated. The synthesis of the oxygen donor 
ligands (100 ) was previously accomplished;*^^ however, no complexation was observed
_  C H j ( C O , R ) i R O , C  .
R 0  2 0  2 R
H " m -  L i
C O , R
f
H
100 
n • 1 , 2 ;in- 1 ,2
in tria l reactions with platinum or palladium. This result was not unexpected since 
there have been very few reports o f intramolecular organometallic complex formation 
with ethereal oxygen as the heteroatom donor (i.e., 95: Y  = 0).*'*° The corresponding 
nitrogen donor ligands (101) have not yet been synthesized.
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A logical extension of the alkyl ether ligands 100 is replacement o f the oxygen 
by sulfur. The coordination properties o f sulfur are slightly different from oxygen in 
that sulfur has d  orbitals and a larger atomic radius, and is less electronegative. 
Organometallic intramolecular-coordination complexes containing sulfur donor atoms 
have been reviewed.*'*®’*'**’*'*^  Omae has stated*"*^  that S-ligands generally prefer a five- 
membered chelate ring, but chelate rings of three, four, or six atoms are also known. 
The sulfur coordinate bonds are weak compared with those o f oxygen or nitrogen 
ligands, making cyclometallation, in general, more d ifficu lt;*'” ’*'*^  however, isolation 
of the stable intermediate adducts has led to the formation o f cyclometallated 
products.
Bahr and M iiller*^’  discovered organoaluminum intramolecular-coordination 
complexes in 1955. Those complexes possessed either O (ether) or N  (amine) as the 
heteroatom donor. Later that year, the synthesis of the organoaluminum complex 102 
with sulfur as the donor atom was reported.*^® King and Bisnette*®® synthesized the
A I
/
E t 
1 0 2
iron and manganese complexes (105 and 106, respectively) by the reaction o f the 
metal carbonyls with the halothioether 103. The initia l product o f the reaction between
2-chloroethyl methyl sulfide and NaFe(C0 )2(CsH5) gave an air-sensitive liquid (104),
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which has a Fe-C o-bond and no sulfur coordination. The IR spectrum of 104 showed 
no acyl carbonyl band {ca. 1600 cm '). IiTadiation of 104 in QHg gave 105, as an 
orange solid. The IR spectrum o f 105 has a single strong band for the metal carbonyl 
(1935 cm"') and acyl carbonyl (1618 cm"') groups. The latter is indicative of an acyl 
carbonyl bonded to a transition metal.'®"
c p
NoF*(cp)(C0)2 I hv ®P
M e S C H j C H j — F e ( C 0 ) 2  ------
Igvvn2vn2"
103
0
1 04
oc ,S"
Me
105
v ( C 0 ) l 6 t a  c m " ’  
e p - C j H ,
N o U n ( C O ) s
- t t o C I
0
( 0 C ) 4 M n'
Me
1 06 
» ( C 0 ) 1 6 S 1  c m " '
Thioether 103 with NaMn(C0 )5  directly gave the chelate 106, whose formation 
probably proceeded through an intermediate analogous to 104. The greater number 
o f electronegative carbonyls and the formation o f a Mn-S bond make the manganese 
more reactive, and thus a carbonyl insertion readily occurred to give the 
cyclometallated product 106 in one step. A lly lic  sulfides react with PdClz and 
Na^COj in methanol to give the chloro-bridged dimers 107;'®' IR spectral data 
provided direct support for Pd-S coordination.
CHR^
p 1 g  /  MeOH,  No j COj
M e
r '
1 0 7
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Benzyl ligands (e.g., benzylamines)*'*^ readily ortho-metallate to give the five- 
membered intramolecular coordination complexes. Thus, ortho-metallation of 
PhCHjSMe (108) by MeMn(C0 )5  gave the five-membered ring complex 110, which 
when treated with Ph^P gave 111 via loss of carbon monoxide.*®^ The structure of 
111 was confirmed by single crystal X-ray structure determination. Treatment of either 
108 or 109 with PdCl2 or PdCl^'^  gave the corresponding adducts 112**^  ^ and 113*®' 
instead o f the expected ortho-metallated complexes. The successful ortho-metallation 
w ith the manganese carbonyl complex but not with the palladium chloride complex 
was attributed to two factors: the manganese has five electronegative carbonyl groups 
which make it a better electrophile than palladium chloride, and the strong 
coordination o f manganese by sulfur.
R-M. (CO)^ -CO ^ : = ^ M ' n ( C O ) j
R 1 10
S-" 111
PPh:
1 0 8  R - M e  \  P d Ci ;  
1 0 9  R « P h
1 1 2 R - M e  
1 1 3  R - P h
The 5-ligands 114 should form isolable coordination complexes which can then
be cyclometallated, under the proper reaction conditions. The flex ib ility  o f the
R O j C  CO%R
R 0  2 0  2 R
u '  'n '  'm ' /n u
114 0 n-m- 1
b n " 1 Î m*  2 
C n - 2 : tn- 1 
d n - m »  2
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hydrocarbon backbone o f 114 w ill conform to a metal’s preferred geometry while 
variation o f the number o f methylene units w ill allow a determination o f chelate ring 
size stability. The chelate rings formed by the sulfur ligands 114 w ill be the 5,5,5-,
5,6,5-, 6,5,6- and 6 ,6 ,6 -fused ring systems (see Figure 15). While it  has been stated 
that five-membered rings are preferred, no systematic study has been performed. 
Sim ilarly, it  was long believed that with a nitrogen donor a five-membered chelate 
ring was much more stable than a six-membered ring. However, the stability of a
ROjC COjR
0 n■m»1
RO
b n • ' i 2
ROjC^ j  COgR 
R O j C  CO%R
C n • 2 : tn -  1 d n-m- 2
Figure 15. Chelation of a Metal by the Bü(thioether) Ligands (106). 
six(6 )-membered chelate ring was demonstrated by the preparation o f 116'^ '* via 
reaction o f 115 with PdCl2 and K2CO3 in MeCN, where the formation o f a five(5)- 
membered ring was precluded. Cyclometallations o f 114 were attempted with 
palladium chloride to allow comparison with the dipyridine and phenanthroline 
complexes 96 and 97.
R O 2 C C O , R
PdCl ,
K ; COj . U*CN
M e O
eOj
2 M (
O j M e
1 1 6
Scheme X m  shows two possible synthetic routes for the preparation o f 114. The 
obvious approach (Route A) would be the alkylation o f halide 117 with a malonate 
anion, analogous to the preparation of the previously reported pyridine-based
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R O j C  C O j R
C O %R
R 0  :  0 ,  R
H " "  " H
HS-^Çs^SH +  B r '" 'jJ v .^ C O jR  '1 4  ( o - d )
1 t 8
Scheme X III. Synthetic Routes to the R/;(thioether) Ligands (114).
however, the propensity of 117 to form the mustards 119 make this 
synthesis unfavorable.
n i ' n T t T '  —  *■
117 119
Alternatively, 114 can be obtained by formation o f the S-C bond (Route B); this 
transformation would require the appropriate bromoalkylmalonate 118. Unfortunately, 
118 is d ifficu lt to obtain since the reaction of dihaloalkanes w ith malonic esters 
generally leads to the formation of cyclic and/or polymeric malonates (see Scheme 
XIV)'*^ due to facile dialkylation. Rapoport and coworkers have circumvented the 
dialkylation problem by utilizing the carbethoxy moiety, as a blocking group. Thus, 
ethyl 4-bromo-2,2-di(ethoxycarbonyl)butanoate (37) and ethyl 6-bromo-2,2-
r
x:COjR
COjR
RO^C CO,R
Scheme XIV. Dialkylation of Malonates.
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di(ethoxycarbonyl)hexanoate (38) were prepared by the reaction o f ethyl 
sodiomethanetricarboxylate with an excess o f 1,2-dibromoethane or 1,4-dibromo- 
butane, respectively. A fter a subsequent nucleophilic substitution on the terminal 
bromide o f 37 or 38 the ethoxycarbonyl moiety was easily removed by simply heating 
the triester with NaOEt in ethanol. Several alternate methods for the monode- 
carbalkoxylation of these triesters were developed: a) treatment with alcohol-free
sodium ethoxide in anhydrous THF; b) treatment with lithium  diisopropyl amide in 
THF; or c) boron trichloride in C H jC lj at 5 °C. Utilization o f Rapoport’s 
methodology makes possible the synthesis o f the thioethers 114 via Route B.
Synthetic Aspects
The preparation o f the required alkyl bromides was accomplished by the method 
o f Rapaport and coworkers. Thus, reaction o f NaC(C0 2 Et)3 w ith an excess o f 1,2- 
dibromoethane in QHg-DMF (1:1) afforded (85%) ethyl 4-bromo-2,2-di(- 
ethoxycarbonyl)butanoate (37).*^ The physical and spectral data o f 37 were in 
agreement w ith previously reported values.*^ Ethyl 5-bromo-2,2-di(ethoxycarbonyl)- 
pentanoate (120 ) was sim ilarly prepared from NaC(C0 2 Et)g and an excess o f 1,3 - 
dibromopropane. The *H NMR spectrum o f 120 consisted o f a triplet and a quartet 
(Ô 1.23 and 4.20, respectively) assigned to the ethoxy moieties, and a multiplet (5 
2.1) and a triplet (5 3.37) fo r the methylenes. The NMR spectrum was also 
simple: signals at ô 13.5 and 61.5 for the ethoxy methyl and methylene, respectively; 
Ô 27.6, 31.3, and 32.7 for the three methylenes; 8 64.5 for the quartemary carbon; 
and 8  166.1 for the ester carbonyl.
Because o f possible steric difficulties with the cyclometallation o f the ethyl esters, 
the analogous trimethyl esters were also desired; however, attempts to prepare the 
trimethyl esters 121 and 122 failed. The reaction o f NaC(C0 2 Me)3 w ith excess 1,2-
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dibromoethane and 1,3-dibromopropane in CgHg-DMF (1:1) at 90 °C gave dimethyl 
cyclopropane-1,1-dicarboxylate (43) and a polymer 123, respectively. The
COjMe 
-COjMe
COjMe
B r '
, B  r  N G C ( C O ; U . ) ;
C ( H , - O U F  ( 1 : 1 )
1 2 1
X -
COjMe
C D , M e
COjMe
CO,Me
COjMe
B r . . B  F
NaC( COj U«) j  
Cj H, -DMF ( 1 : 1 )
1 2 2
MeO,C CO,Me
i — > 4
123
cyclopropane 43 was identical to a sample prepared by the method o f W hite."^ The 
high yield (91%) of 43, based upon the amount o f trimethyl sodiomethanetri­
carboxylate used, indicates that decarbalkoxylation was not a result o f nucleophilic 
attack o f the carbonyl by the sodiotriester. Instead, these dialkylated malonate products 
probably arise from nucleophilic decarbalkoxylation by bromide ion as shown in
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Scheme XV. This seems reasonable since decarbalkoxylation by lithium  chloride is 
a facile and synthetically useful process.
Me B r
C O , M ,
C O j M e  C O j M e  C O , M
+  M e B  r +  C O ;  4 3
Scheme XV. Mechanism for the Décarbométhoxylation of Methyl 3-Bromopropyl-l,l,l- 
tricarboxylate.
The hexaesters 124 were prepared by nucleophilic substitution of the masked 
bromoalkylmalonate with an alkyl dithiolate; thus, 1,2-ethane- or 1,3-propane-dithiol 
was reacted with the bromoalkyltriesters (37 or 120) under basic conditions. The di­
thiol and alkylbromide were dissolved in CgHg-DMF (1:1) and stirred over anhydrous 
K 2CO3 fo r 24 h at 25 °C. An increased reaction temperature may shorten the reaction 
time; however, decarbalkoxylation®* by thiolate ^ io n  may become a major side 
reaction under the more stringent conditions.
CO2 E» , gQ EtO;C COjEt
■n^JySH + Br-nW-CO^Et   E t 0 j 0 j E 1
' ^ C O j E f  “  E t O j C  \  A
3 7 n - l  1 2 4 a  n - m -  I
m -  1 , 2
1 2 0  " - 2 b  n •  I ; m • 2 
C n ■2 ; m*  I 
d n - m - 2
The *H NMR spectra o f the hexaesters 124 are straightforward. The ‘H NMR 
spectrum o f 124 is dominated by the triplet (ca. 5 1.21) and quartet (ca. 5 4.20), 
which arise from the ester methyl and methylene, respectively. The various bridging 
methylenes appear as multiplets at 8 1.5-2.0 and 2.3-2.6. The signals in the NMR
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spectra of the hexaesters 124 arise from two portions o f the molecules: the carbons 
connecting the two sulfur atoms, and the carbons between the sulfur atom and the 
esters. For 124a and 124c, the CHj o f the ethylene bridge between the sulfur atoms 
gave a signal at S 31.5. In the case o f 124b and 124d, the three methylenes between 
the sulfurs gave two signals: 5 28.9 for the central methylene carbon, and 5 30.3 for 
the methylene carbons adjacent to the sulfurs. The methylene carbons between the 
sulfur and the esters were assigned by comparison with the NMR o f bromoalkyl­
triesters 37 and 120; the methylene carbons adjacent (a) to the sulfur exhibit only 
small chemical shift changes (AS <1.0  ppm) upon conversion from CH^Br to CHjSR, 
whereas the methylene carbons P to the sulfur exhibit an upfield shift o f 2.5 ppm. For 
hexaesters 124c and 124d, the methylene carbons y  to sulfur shifted downfield by 0.4 
ppm. The triester moieties o f 124 gave rise to four characteristic signals: 8  ca. 13.6, 
65.2, 65.2, and 166.4, which are assigned as OCHgCH^, OCH^, Q ., and C=0, 
respectively. The MS o f 124 gave parent ions and fragmentation patterns in accord 
w ith the assigned structure. Satisfactory elemental analyses (±0.4%) o f the hexaesters 
proved d ifficu lt due to trace impurties. The hexaesters are high boiling liquids [bp > 
250 °C (0.5 mm)] and purification by chromatographic methods proved impractical.
Removal o f one carbethoxy moiety from each triester gave the S-ligands 114. 
Thus, without purification the hexaesters 124 were èw-monodecarbalkoxylated by 
treatment with EtONa in EtOH for 4 h at 25 °C. Successful decarboxylation was
_  CO,Et EtO,C CO,Et
Etc,
E
1 2 4 o n * f l ' * 1  1 1 4 > o n - m - l
b n > 1 ; m > 2  b n - I  : m - 2
C n * 2 ; m - I  c  n * 2 ; m» I
d n "tn" 2 d n 2
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readily evident from NMR spectra: the appearance o f the methine triplet at 6 3.5 in 
the 'H  NMR spectrum and the appearence upfield (S 50.3-51.5) o f the methine carbon 
in the NMR spectrum. As would be expected, the NMR chemical shifts of 
the methylene carbons between the sulfur atoms do not change; there is a 2-3  ppm 
downfield shift for the methylene carbons y  to the esters, and a 4.0-4.4 ppm upfield 
shift fo r the methylene carbons 3 to the esters. For the ligands, there was no change 
in chemical shift for the methylene carbon adjacent to the sulfur o f 114c and 114d, 
due to the small empirical 5 effect o f an ester.^ ® As anticipated, the MS o f 114 gave 
parent ions and fragmentation patterns similar to that o f 124.
The complexing ability o f these new ligands was evaluated by attempted 
preparation o f the cyclometallated Pd(II) complexes. The S-ligands 114(a,c) rapidly 
formed the PdClg adducts 125(a,c) in MeCN at 50 °C. Upon S,S-complexation, all 
the bridging methylene signals shift downfield (*H NMR): the upfield multiplets shift 
by 0.4 ppm, while the downfield multiplets shift by 0.8 ppm. The NMR spectra 
were more indicative o f complexation since the carbons adjacent to the sulfurs shift
EIO;C COjEJ U.CN E l 0 ,c r ~ \  CO^ Ei
, , ,  C l '  'c I1 1 4 0 n-m* 1
C it-J : m-1 1 2 5 a »• 1
b  n -  2
downfield by ca. 6.0 ppm. The remaining methylene carbons showed small upfield 
shifts (ca. 1.0 ppm). There was no change in the chemical shifts o f the methine and 
ester carbons upon complexation.
Cyclometallation o f the adducts w ith anhydrous K jC O j in MeCN at 50 °C for 
12 h failed and gave recovered 125 (ca. 50%) as well as some reduction o f the
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metal. Repetition o f this reaction, with the addition o f gave decomposi­
tion o f the adduct. The increased flexib ility  of 114 as compared with 96 and 97 
probably requires a higher anion concentration. Use o f a stronger base to increase 
the concentration of the malonate anion should facilitate carbon-metal bond formation.
E t O j C  /— \ C0 ; E1
c l '  I E f O , C l  j  COj E t
Et Oj C COj Et
1 2  5 Q n - 1
b f > ‘ 2 1 2 6 a n - i
b  n ■ 2
Experimental Section
General Comments are given in Chapter 2 (page 50).
M ethyl Sodiomethanetricarboxylate (4a) was prepared by the addition of a 
solution of NaOMe (11.4 g, 0.21 moles) in MeOH (50 mL) to a stirred solution of 
methyl methanetricarboxylate® (40 g, 210 mmol) in anhydrous ether (200 mL) at 0 
°C. The precipitated sodium salt was filtered, washed w ith anhydrous ether (2 x  50 
mL), and dried in vacuo to give (85%) 4a, as a white powder: 38.1 g; mp 265-268 
“C (dec); ‘H NMR (MegSO-^g) 5 3.83 (OC/fa); ‘^C NMR QAt^SO-d^) S 49.6 
(OCH3), 76.2 [C(C0 2 Me)a], 170.2 (C=0); IR (KBr) 3399, 2952, 2926, 2857, 1687 
(C=0), 1592, 1100, 1079 cm'^ ; Anal. Calcd for CyHgNaOg: C, 39.63; H, 4.28. Found: 
C, 40.11; H, 4.62.
E thyl Sodiomethanetricarboxylate (4d) was prepared (80%) as described in 
Chapter 2 (see page 51).
M ethyl Cyclopropane 1,1 dicarboxylate (43). To methyl sodiomethanetri­
carboxylate (4a) (17.1 g, 80.7 mmoles) dissolved in CgHg-DMF (1:1; 80 ml), 1,2- 
dibromoethane (30.3 g, 161.3 mmoles) was added. The stined solution was heated
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at 90 °C for 11 h, then cooled and filtered. The filtrate was diluted with QHg (100 
mL), washed with water (2 x  100 mL), dried over anhydrous MgSO^, and evaporated 
in vacuo to afford a yellow oil, which was [Kugelrohr] distilled (bp 55-60 °C/1.5 
m m )"' to yield 43, as a colorless oil: 11.5 g (91%); NMR 5 1.4 (s, CT/j. 4H), 3.7 
(s, Œ 3,6H).
E thyl 4-Bromo-2,2-di(carbethoxy)butanoate (37) was prepared (85%) as 
previously described;'^  bp 120-128 °C (2.0 mm) p it.'^ bp not reported]; 'H  NMR 6
1.22 (t, OCHgC^g, J  = 7.7 Hz, 9H), 2.60 (m, CHzC^gC, 2H), 3.49 (m, B rC /fjC H j, 
2H), 4.18 (q, O Œ 2CH3, J  = 7.7 Hz, 6 H); "C  NMR 6 13.2 (OCH2CH3), 26.5 
(CH2Br), 36.0 (CCH2CH2Br), 62.0 (OCH2CH3), 64.1 (Q .), 165.9 (CO); Anal. Calcd 
for C i2HigBr0 6 : C, 42.49; H, 5.65. Found: C, 42.17; H, 5.58.
E thyl 5-Broino*2,2-dl(carbetboxy)pentanoate (120). To ethyl sodiomethanetri­
carboxylate (20 g, 78.7 mmol), dissolved in CgHg-DMF (30 mL; 1:1), 1,3-dibromo- 
propane (40.4 g, 200 mmol) was added. This solution was stirred at 95 °C for 15 h. 
After cooling, CgHg (100 mL) was added and the organic solution was washed with 
water (3 x 100 mL) and saturated aqueous NaCl (100 mL), then dried over anhydrous 
MgSÛ4, and evaporated in vacuo. The resulting residue was (Kugelrohr) distilled to 
afford (80%) 120: 22.2 g; bp 135-140 “C (2.5 mm); *H NMR Ô 1.23 (t, CH2C //3, J  
= 7.1 Hz, 9H), 2.1 (m, 4H), 3.37 (t, B rC ^2> 2H), 4.20 (q, OC//2CH3,
J  = 7.1 Hz, 6H); "C  NMR Ô 13.5 (OCH2CH3), 27.6 (CCH2CH2CH2Br), 31.3 
(CCH2CH2CH2Br), 32.7 (CCH2CH2CH2Br), 61.5 (OCH2CH3), 64.5 (C40), 166.1 (C=0); 
MS m/e 354 (M+^ 0.1), 352 (M+, 0.1), 309 (M+-OC2H3+2 , 12.8), 307 (M+.OC2H3, 
13.8), 273 (M+-Br, 61.9), 245 (M+-C2H4Br, 14.8), 173 (M+-C5HgBr0 2 , 52.1), 127 (M+- 
C7H ,4Br0 3 , 100); Anal. Calcd for C i3H2iBrO(;: C, 44.21; H, 5.99. Found: C, 44.06; 
H, 5.86.
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Ethyl 2,2,ll>ll-Tetracarbethoxy-5,8-dithiadodecanedioate (124a). Ethyl 4- 
bromo-2,2-di(carbethoxy)butanoate (37) (3.0 g, 8.85 mmol) and 1,2-ethanedithiol (416 
mg, 4.42 mmol) were dissolved in CgHg-DMF (20 mL; 1:1) and stirred over 
anhydrous K^CO; at 25 °C fo r 24 h. After cooling, the solution was filtered, QHg 
(70 mL) was added and the organic solution was washed with water (3 x  100 mL), 
dried over anhydrous MgSO^, and evaporated in vacuo to give (72%) the hexaester 
124a, as a white solid: 1.94 g; mp 79.5-80.5 °C; NMR 5 1.28 (t, OCHjCHj, J  
= 7.1 Hz, 18H), 2.40 (m, C //2CR3, 4H), 2.76 (m, CH2 S, 4H), 2.77 (s, SCH2 CH2 S, 
4H), 4.25 (q, OCE^CH;, J  = 7.1 Hz, 12H); NMR 6 13.6 (OCH2CH3), 27.2 
(CH2S), 31.5 (SCH2CH2S), 33.7 (CH2CR3), 61.8 (OCH2CH3), 65.3 [C(C0 2 Et)3], 166.2 
(C=0); MS m/e 610 (M \ 5.0), 378 (M^-CioHigOg, 14.9), 319 (M+-Ci2H,g0 6 S, 47.7), 
259(M^-ChH2306S2, 87.4), 232 (M+-C,6H2gOgS2. 100), 231 (M+-C,oH270gS2, 56.5); 
Anal. Calcd for C26H42O12S2: C, 51.13; H, 6.93; S 10.50. Found: C, 50.98; H, 7.06; 
S, 10.34.
E thyl 2,2,12,12-Tetracarbethoxy-5,9-dithiatridecanedioate (124b) was prepared 
from ethyl 4-bromo-2,2-di(carbethoxy)butanoate (37) (3.0 g, 8.85 mmol) and 1,3- 
propanedithiol (478 mg, 4.42 mmol) by the procedure described above for 124b: 2.04 
g (72%); 'H  NMR 5 1.29 (t, OCH2C ^3, J  = 7.1 Hz, 18H), 1.87 (m, CH2C //2S, 2H), 
2.41 (m, CCH2 , 4H), 2.65 (m, CH2 SCH2 , 8H), 4.27 (q, 0 0 / 72^ 3, J  = 7.1 Hz, 12H);
NMR 6  13.6 (OCH2CH3), 26.9 (CH2S), 29.0 (SCH2CH2CH2S), 30.3 
(SCH2CH2CH2S), 33.6 (CH2CR3), 61.9 (OCH2CH3), 65.2 (CR3), 166.3 (C=0); MS m/e 
624 (M+, 4.7), 392 (M^-CioHigOg, 4.2), 333 (M+-Ci2Hip06S, 12.9), 259 (M+- 
C13H25O6S2, 100), 232 (M+-CigH2gOgS2, 12.7), 231 (M+-C17H29O6S2, 68.3); Anal. 
Calcd for C27H44O12S2: C, 51.91; H, 7.10; S, 10.26. Found: C, 52.11; H, 7.23; S, 
10.31.
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Ethyl 2,2,13,13-Tetracarbethoxy-6,9-dithiatetradecanedioate (124c) was
prepared from ethyl 5-bromo-2,2-di(carbethoxy)pentanoate (120) (4.0 g, 11.33 mmol) 
and 1,2-ethanedithiol (533 mg, 5.67 mmol) by the procedure described for 124c: 5.06 
g (70%); ‘H NMR Ô 1.21 (t, OCHjCffa, J  = 7.1 Hz, 18H), 1.75 (m, CH2Œ 2CH2, 
4H), 2.15 (m, CC«2. 4H), 2.51 (t, CH^S, 4H), 2.64 (s, SC^2- 4H), 4.18 (q, 
OOT2CH3, y  = 7.1 Hz, 12H); NMR S 13.7 (OCH2CH3), 25.2 (CH2CH2CR3), 31.4 
(SCH2CH2S), 31.7 and 31.8 (SCH2CH2CH2CR3), 61.8 (OCH2CH3), 65.6 (CR3), 166.7 
(C=0); MS m/e 638 (M+, 0.7), 566 (M+.C3H6O2, 0.1), 333 (M^-C,3H2,0 <iS, 14.9), 273 
(M+-C13H25O6S2, 100), 245 (M+-Ci7H2gOgS2, 18.7); Anal. Calcd for C2gH4cOi2S2: C, 
52.65; H, 7.26; S, 10.04. Found: C, 52.89; H, 7.41; S, 10.18.
E thyl 2,2,14,14-Tetracarbethoxy-6,10-dithlapentadecanedioate (124d) was 
prepared from ethyl 5-bromo-2,2-di(carbethoxy)pentanoate (120) (4.0 g, 11.33 mmol) 
and 1,3-propanedithiol (612 mg, 5.67 mmol) by the procedure described for 124d: 
5.76 g (78%); ‘H NMR 5 1.20 (t, J  = 7.0 Hz, 18H), 1.73 (m,
CCH2 0 /2CH2S, 4H), 2.12 (m, CCH^, 4H), 2.45 (t, CH2 S, 4H), 2.51 (t, CH^S, 4H), 
4.18 (q, OC//2CH3, J  = 7.0 Hz, 12H); NMR 5 13.5 (OCH2CH3), 24.4 
(CH2CH2CR3), 28.8 (SCH2CH2CH2S), 30.3 (SCH2CH2CH2S), 31.7 and 31.9 
(SCH2CH2CH2CR3), 61.7 (OCH2CH3), 64.9 (CR3), 166.5 (C=0); MS m/e 652 (M+, 
1.7), 379 (M+.C13H23O6, 15.7), 347 (M+-C;3H2306S, 6.5), 273 (M+-CigH2p06S2, 100), 
245 (M+-CigH3306S2, 31.3); Anal. Calcd for C2pH4gOi2S2: C, 53.36; H, 7.41; S, 9.82. 
Found: C, 53.07; H, 7.24; S, 10.03.
E thyl 2,ll-Dlcarbethoxy-5,8-dithiadodecanedloate (114a). W ithout further 
purification, the hexaester 124a (2.0 g, 4.29 mmol) was added to a solution of sodium 
ethoxide (583 mg, 8.58 mmol) in ethanol (15 mL) and stirred at 25 °C for 15 h. The 
solution was cooled in an ice bath, cold saturated aqueous NH4CI (10 mL) was added.
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and the solution was evaporated. The o ily residue was dissolved in CH2CI2 (40 mL) 
washed with water (40 mL), dried over anhydrous MgSO^, and evaporated. The crude 
ligand 114a was purified by dry flash chromatography*®' (Si0 2 , CH2CI2) to give 
(85%) the desired 114a: 1.70 g; *H NMR 6  1.18 (t, OCH2Œ 3, J  = 7.1 Hz, 12H), 
2.11 (m, CHjCR, 4H), 2.55 (m, CH^S, 4H), 2.63 (s, SCHJZH^S, 4H), 3.46 (t, CH, 
J  = 7.1 Hz, 2H), 4.10 (q, OC//2CH3, J  = 7.1 Hz, 8H); NMR S 13.3 (OCH2CH3),
28.3 (CH2CH), 29.3 (CH2S), 31.7 (SCH2CH2S), 50.3 (CH), 60.6 (OCH2CH3), 166.1 
(C=0); MS m/e 466 (M+, 6.1), 127 (M+-C,3H230(;S2, 100); Anal. Calcd for 
C20H34O8S2: C, 51.50; H, 7.30; S, 13.73. Found: C, 51.21; H, 7.41; S, 13.50.
E thyl 2,12-Dlcarbethoxy-5^-dithiatridecanedioate (114b) was prepared from 
124b (2.1 g, 3.37 mmol) by the procedure described for 114a: 1.26 g (78%); *H 
NMR Ô 1.19 (t, 0 CH2C ^ 3, j  = 7.1 Hz, 12H), 1.86 (m, 4H), 2.15 (m,
CH^CR, 4H), 2.62 (m, CH^SCH^, 8H), 3.44 (t, CH, 7 = 7.1 Hz, 2H), 4.12 (q, 
OC//2CH3, 7 = 7.1 Hz, 8H); NMR 6  13.5 (OCH2CH3), 28.5 (CH2CH), 29.2 
(CH2CH2CH2), 29.7 (CH2S), 30.5 (SCH2), 51.1 (CH), 60.9 (OCH2CH3), 167.1 (C=0): 
MS m/e 480 (M+, 5.8), 128 (M+-C14H24O6S2, 100); Anal. Calcd for C2;H3(;0 gS2: C, 
52.50; H, 7.50; S, 13.33. Found: C, 52.63; H, 7.41; S, 13.51.
E thyl 2,13-Dicarbetboxy-6,9-dltbiatetradecanedioate (114c) was prepared from 
124c (2.5 g, 3.92 mmol) by the procedure described for 114a: 1.61 g (83%); *H 
NMR S 1.23 (t, 0 CH2C ^ 3, 7 = 7.1 Hz, 12H), 1.60 (m, CTf^CH^CH, 4H), 1.90 (m, 
C i/jC H , 4H), 2.51 (m, CH^S, 4H), 2.66 (s, SCH^CH^S, 4H), 3.30 (t, CH, 7 = 7.1 Hz, 
2H), 4.16 (q, OCTfjCHg, 7 = 7.1 Hz, 8H); *^C NMR 5 13.8 (OCH^CHg), 27.1 
(CHgCH), 27.6 (CH2CH2CH), 31.5 (CH2S), 31.9 (SCH2CH2S), 51.4 (CH), 61.2 
(OCH2CH3), 169.3 (C=0); MS m/e 494 (M+, 0.6), 201 (M+-C12H21O4S2, 100); Anal. 
Calcd for C22H3gOgS2: C, 53.44; H, 7.69; S, 12.96. Found: C, 53.10; H, 7.781; S,
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13.06.
E thyl 2,14-Dicarbethoxy-6,10-dithiapentadecanedioate (114d) was prepared 
from 124d (2.5 g, 3.83 mmol) by the procedure described for 114a: 1.56 g (80%); 
‘H NMR 8  1.16 (t, OCH2CH3, J  = 7.1 Hz, 12H), 1.63 (m, C/ZjCHjCH, 4H), 1.7- 
2.1 (m, SCH2Œ 2CH2S and CH^CR, 8H), 2.43 (m, CH^S, 4H), 2.50 (m, SCH2 , 4H),
3.23 (t, CH, J = 7.1 Hz, 2H), 4.09 (q, OCHjCR^, J  = 7.1 Hz, 8H); NMR 8  14.0 
(OCH2CH3), 27.2 (CH2CH), 27.7 (CH2CH2CH), 29.1 (SCH2CH2CH2S), 30.7 (SCH2),
31.5 (CH2S), 51.5 (CH), 61.3 (OCH2CH3), 169.1 (C=0); MS m/e 508 (M+, 0.9), 201 
(M+-C13H23O4S2, 100); Anal. Calcd for C23H^0gS2: C, 54.33; H, 7.87; S, 12.96. 
Found: C, 54.25; H, 7.90; S, 13.01.
General Procedure fo r PdCl2 Adduct Formation. To a stirred solution o f 114a 
or 114c (100 pmol) in anhydrous MeCN (10 mL) was added PdCl2 (19.5 mg, 110 
pmol). The reaction was warmed to 50 °C for 6  h, then cooled, filtered, and 
evaporated in vacuo. The crude adducts were purified by passing through a short Si02  
column (CH2Cl2-EtAc; 90:10) to give {ca. 85%) the pure adducts.
D lchloro[diethyI 2 ,ll-d icarbethoxy'5,8-d ith iadodecanedioate]palladium (II) 
(125a): 56.1 mg (87%); mp >225 °C; ‘H NMR 8  1.26 (t, OCH2CH3, J  = 7.1 Hz, 
12H), 2.39 (m, CH^CR, 4H), 3.25 (m, CH2 SCH2 , 8H), 3.56 (t, C ^, J  = 6.8  Hz, 2H), 
4.20 (q, OCH2CH3, J  = 7.1 Hz, 8H); ^^C NMR 8  14.0 (OCH2CH3), 27.5 (CH2CH),
36.3 (CH2CH2CH), 37.6 (SCH2CH2S), 50.5 (CH), 61.9 (OCH2CH3), 168.3 (C=0); 
Anal. Calcd for C2oH34Cl2 0 gPdS2: C, 37.31; H, 5.32; S, 9.96. Found: C, 37.68; H, 
5.09; S, 9.67.
D icbloro[dietbyi 2,13-dicarbetboxy-6,9-ditbiatetradecanedioate]paliadium(II) 
(125b): 56.4 mg (84%); mp >225 °C; *H NMR 8 1.24 (t, OCH2C //3, J  = 7.1 Hz, 
12H), 1.95 (m, CH2 CH2 CR, 8H), 3.1-3.6 (m, CH2 SCH2  and CH, lOH), 4.17 (q.
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O C//2CH3, J  = 7.1 Hz, 8H); " c  NMR 5 13.9 (OCH2CH3), 25.5 (CHjCH), 27.1 
(CH2CH2CH), 37.0 (CH2S), 38.4 (SCH2CH2S), 51.0 (CH), 61.5 (OCH2CH3), 169.1 
(C=0); Anal. Calcd for C22H3gCl2 0 gPdS2: C, 39.32; H, 5.70; S, 9.54. Found: C, 
39.70; H, 6.03; S, 9.13.
Attempted Cyclometallation o f D ichloro[diethyl 2,11-dicarbethoxy-5,8 dithia- 
dodecanedioate]palladium(II). Method A. The adduct 125a (50 œg, 78 pmole) was 
dissolved in MeCN (5 mL) and anhydrous K 2CO3 (50 mg) was added, and the 
reaction was warmed to 50-55 °C for 15 h. Upon cooling, the reaction was filtered 
and the solvent was removed in vacuo. The recovered material was shown to be 
adduct 125a by *H and ^^C NMR spectroscopy.
Method B. The adduct 125a (50 mg, 78 jim ol) was dissolved in anhydrous 
MeCN (5 mL) and AgNOg (29.6 mg, 0.174 jimole) was added. After 30 min 
anhydrous K jC O j (50 mg) was added and the reaction was warmed to 50-55 °C for 
15 h; during this time a black precipitate formed. Upon cooling, the reaction was 
filtered and the solvent removed in vacuo to give a small quantity (< 10 mg) of 
material, which was a mixture by TLC analysis (Si0 2 , CH2Cl2-MeAc, 9:1).
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Chapter 6. Synthesis and Structural Analysis of a Novel 
Cyclometalated Organorhodium(III) Complex.
Introduction
During the past two decades there has been considerable interest in the 
preparation o f cyclometalated organometallic complexes.*'*® ' *^  ^ The preparation and 
properties of complexes involving the platinum metals and a nitrogen donor atom 
has recently been reviewed.*^^ During the past decade our interests in this area have 
dealt w ith ligands possessing pyridine as the heteroatom donor. Several bidentate and 
tetradentate ligands have been prepared within our laboratories (e.g. 96, 97, 127, and 
115); these ligands have been used for the preparation of cyclometalated platinum 
and palladium complexes.* '^*
R O j C
R O j C
COjR
C O j R
N--N
R O j
R O j C
C O , R
1 2 7
R
2
1 1 5
9 6 9 7
Previously we reported the syntheses and structural analyses of 
organopaHadium(H) complexes o f pyridine-based ligands, which possessed five-**^^ or 
six-membered*^'* chelate rings (128 and 116, respectively). These complexes were 
among the few examples o f organometallic complexes possessing one or more 
palladium(II) (s[/) carbon o-bond(s). The corresponding organoplatinum(II) complexes 
were recently synthesized,*^ '^*®^ but only after considerable modification of the 
reaction conditions. Extension o f this work to other transition metals is o f great 
interest due to potential catalytic propeities**^® and the possibility o f intriguing
138
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structural changes with coordination geometries other than square planar; thus, the 
synthesis o f an organorhodium complex utilizing 127 was undertaken.
M
M e 0
MeO
eOj
1 1 61 28
The organometallic chemistry of rhodium is rather diverse,^ **® due to the stability 
o f both the Rh(I) and R h(III) oxidation states. Organorhodium complexes are of 
interest because o f rhodium’s catalytic properties.^ ®’  Treatment o f 8 -formylquinoline 
(129) w ith (Ph3P)3RhCl in CH2CI2 gave (95%) the acyl R h(III) hydride complex 130, 
which was quantitatively converted to the coordinatively unsaturated Rh(III) complex 
131 by reaction with AgBF^ in toluene-CHgClg 0 °C. The remarkably stable 131
RhCl ( PPh j ) ,  
CH;C I 2
CH O
129
Rh—C
PhjP H
Agar,
B
P h , P
1 30 131
was suggested as a model fo r Rh(III) intermediates in the hydroacylation o f terminal 
aikenes,’ ’ ®'*’ * since it hydroacylated 1-octene under m ild conditions (50 °C, 30 min) 
to give (55%) ketone 132, while 130 did not react under similar conditions.
CH^ CH( CHj ) j CH ,
THF
«
1 31
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Many other cyclometalated rhodium complexes possess a nitrogen donor atom 
and an aryl (sp^) C-Rh sigma bond.*’ ^ '* ’ ® For example, the reaction o f 2- 
phenylpyridines with RhCl^ afforded the chloro-bridged dimers 133.*®° Addition of 
suitable ligands (phosphines, thioethers, sulfoxides, amines, thiolates, pyridines, etc.) 
cleave the chloro-bridged dimers 133 to give the corresponding monomeric complexes 
134.
k l / C
D kK n
1 ' c r  1
V_N N _ V
1 33
n
Ligand I / L
R h 
V__N
1 34
C N • 2- o  r y I p y r i d 1 n « t  , b a n z o ( h ) q u I n o I I n a , 
2- p h e n y l p y r < d l n a ,  1 - p h a n y l p y r o z o l a ,  
2- ( 4- l o l y l ) - 4, 5- d l m e t h y l - l r i a z o l e
»
Rhodium also forms stable sp^ (7-metal bonds w ith alkenes; thus, the reaction 
o f 2-vinylpyridine and <RhX3[P(n-Bu)3]2>2 gave complex 135;*®* sim ilarly treatment 
o f the pyridyl Schiff’s bases 136 with RhCl(PPh3)3 in THF at 55 ®C gave 137.*®^
R R h , > , I P ( B u ) , l 4
a r
u ) j P
X
13 5 a «- R• -H
b  R - H : R ■- 8 r
CH,
THF,  SS ' C
1 3 6 0
C R " p - C , H ^ C I
ç t .
H
137
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There are a few examples o f rhodium complexes possessing {sp^)C-Rh sigma 
bonds. The reaction o f aniline with R hC ij'H jO , triphenylphosphine, and ethylene 
proceeds through the sigma bonded complex 138, as shown in Scheme X V I.‘®° Suggs
NH.
R h C l j - 3
X
R h - H
C . H .
R h - X
'h
H H 
1 3 8
CjH,
- R h X
- R h
H H X
ca.N 'Me 
H
Scheme XVI. Rhodium Catalyzed Synthesis of 2-Methylquinoline.
and co-workers**^ recently reported the synthesis o f the 1,3-dirhodacyclobutane 
complex 140 from 8 -quinolinyl phenyl ketone (139) which formed via C-C bond 
cleavage. The four-membered ring is fla t (within 0.1°) and there was no indication 
o f a Rh-Rh bond (interatomic distance 3.164 Â).
1 3 9
oc.
OC' R
0
•C
C
R h  C - P h
P h— C 1
1 3 2
:Rh.-CO
'CO
CO
Numerous other cyclometalated rhodium complexes have been reported;*'*® ' **^  
complexes incorporating 8 -methylquinoline derivatives have recently been reviewed.**'* 
The successful formation o f a rhodium complex with the pyridine ligand 127 
necessitates the appropriate reaction conditions. While the temperature and reagents
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used for the cyclometalation o f palladium with 127 are rather mild, it  is likely that 
similar conditions w ill not work as well with rhodium, as evidenced by the difference 
in reactivity between PdClj and PtClj. For example, addition o f 127 to a warm (45- 
55 °C) MeCN solution of PdCl^  quickly (2 h) formed the adduct which was 
cyclometalated by the addition o f anhydrous K 2CO3 to give 128;"^^ no complexation 
o f PtCl2 was observed under the same conditions.*^® However, in refluxing THF or 
hot (90 °C) DMF, 127 and PtCl2 readily formed the PtCl2 adduct (141), which was 
cyclometalated in hot DMF to give 142.**^ ’
co,R
c o , R
1 . P d C I , ,  C H . C N .  5 0  * C
Z .  K , C O ,
Me O
1 2 8
P ( C I J . THF o r  D U F . &
2 .  D U F .  i
M
MeO
("""COjMe
1 4 2
The in itia l objective was the formation of a neutral rhodium complex possessing 
three pyridyl ligands (143). Despite possible steric problems associated with the 
formation o f the trw-complex, its synthesis was in itia lly  deemed possible based upon 
CPK molecular models.
N_J
N C
C O ; M e
foe me  r C O ^ M e
I 4 3
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Synthesis
Complexation of RhCl^ SHgO by 127 was attempted under a variety o f reaction 
conditions. Refluxing a THF solution o f RhCl^ 3H2O and 3.3 equivalents o f 127 for 
2 h under nitrogen*®^ produced only an intractable red tar, while 127 was recovered 
(>90%) unchanged in refluxing EtOH*®® or MeCN.*®'*’'®^  The failure to obtain little, 
i f  any, pyridine coordination was probably due to the strong coordinating ability of 
the solvents used. The ability o f DMF to form stable, albeit reversible, metal 
complexes is well known,’®^ and has been exploited for the preparation of anhydrous 
metal salts. In addition, DMF-metal complexes have been employed as convenient 
reagents. Thus, heating a DMF solution o f RhCl^ SH^O and 3.3 equivalents o f 127 
at 80 ®C for 6 h, followed by an additional 15 h at 80 °C in the presence of 
anhydrous K jC O j afforded (85%) the yellow-orange complex 144, as well as 
unreacted ligand. The structure of 144 was probed by NMR spectroscopy and was 
determined unequivocally by single crystal X-ray structure analysis.
0. RhCI, 3H;0
1 2 7
oki r ,  BO ‘ c 
b .  a n h y d  K , C O ,
Me
NMR Spectral Analysis 
For comparison purposes, the 'H  and NMR data fo r the ligand 127 and the 
cyclometalated complexes 128, 142, 145, and 144 have been summarized in Table 
X IV . The acetate bridged platinum complex 145'®  ^ was previously isolated in these 
laboratories, as a minor by-product from the synthesis o f 142; unfortunately, the small 
quantity obtained proved insufficient for NMR analysis.'167
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g. ; Table XIV. *H and NMR data o f the pyridine ligand 127 and its cyclometallated complexes 128, 142, 145, and 144.
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Chemical Shift (5)
127 128 142 145 144
Assignment 13g 13g 13g ’ H 13g 13g
6-pyH/G 8.46 148.6 9.06 151.7 9.25 151.8 8.26 — 9.02 152.4
5-pyH/C 7.09 121.0 7.17 121.2 7.09 121.5 7.06 — 7.18 121.9
4-pyH/C 7.57 135.7 7.70 138.0 7.75 137.4 7.81 — 7.64 137.2
3-pyH/G 7.19 122.7 7.33 120.6 7.35 120.7 7.47 — 7.30 120.9
2-py 1C — 157.0 — 171.8 — 172.7 — — — 167.6
GHg 3.39 35.7 3.75 43.1 3.66 44.1 2.97
3.75
— 2.97
3.69
51.3
GH(M) 4.18 49.9 — 53.6 — 49.3 " — — 31.1
G=0 — 168.8 — 173.6 — 174.6 - — — 175.4
181.6
GH3 3.67 51.7 3.40 51.0 3.45 50.8 3.15
3.56
— 3.18
3.72
43.6
52.4
145
The NMR spectrum of complex
144 is quite different from the rather
simple spectrum of the ligand. The
spectrum of the ligand 127 has a doublet
at 8  3.39, a singlet at S 3.67, and a triplet
at 5 4.18, which are assigned to the a-
1 4  5
methylene, the methyl ester, and the
methine hydrogen, respectively. The downfield, aromatic region is characteristic o f a 
2-substituted pyridine; a doublet o f doublets at 5 7.09 for 5-pyridyl hydrogen, a 
doublet at 8 7.19 for the 3-pyridyl hydrogen, a doublet of doublets at 5 7.57 for the 
4-pyridyl hydrogen, and a doublet at 8  8.46 for the 6 -pyridyl hydrogen. Upon 
complexation to give 144, there is a downfield shift o f a ll the aromatic signals in the 
NMR spectrum; the 3-, 4-, and 5-pyridyl hydrogens are shifted downfield by 0.07- 
0.11  ppm, whereas the 6 -pyridyl hydrogen is shifted downfield by a drastic 0.56 ppm. 
In the complex, the 6 -pyridyl hydrogen is forced into the immediate vicin ity of the 
adjacent chlorine and ester groups. The upfield portion of the NMR spectrum is 
characterized by two singlets (8  3.18 and 3.72) and two doublets (8  2.97 and 3.69). 
The two doublets are assigned to the unequivalent methylene hydrogens and have a 
geminal coupling constant o f 18.2 Hz. Each of the two singlets integrate for 6 
hydrogens are assigned to the methyl esters.
The coupling network and the chemical shift assignments of complex 144 were 
verified by 2D COSY NMR.**^ In addition, there is an off-diagonal peak for the 
downfield methylene doublet and the 3-pyridyl hydrogen; this is rationalized by 
assignment of the downfield doublet to the methylene hydrogen which occupies a 
pseudo-equatorial position on the five-membered cyclometalated ring.
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The NMR spectrum o f 144 showed only one set of pyridyl carbons: 5 120.9 
(3-pyO, 121.9 (5-pyC), 137.2 (4-pyC), 152.4 (6 -pyC), and 167.6 (2-pyC). As 
observed in the NMR spectrum, the NMR of 144 indicated the presence of 
only two carbomethoxy groups: two methoxy resonances (5 43.6 and 52.4) and two 
distinct carbonyl signals (5 175.4 and 181.6). The carbonyl carbons exhibited a weak 
coupling to riiodium: = 2 Hz and = 4 Hz for the upfield and downfield
resonances, respectively. The metalated carbon appears as a doublet at 5 31.1 with 
a reasonable C-Rh coupling constant o f 26.0 Hz. Typical coupling constants are 
33 to 80 Hz;**^ the complexes 135 have C-Rh coupling constants o f 27-30 Hz.‘*‘ For 
the palladium and platinum complexes (128 and 142, respectively), the malonato 
carbon was shifted upfield by -0.6 to 3.7 ppm; however, for 144 the malonato carbon 
shifted upfield by 18.8 ppm.
The presence o f two methoxy signals (*H NMR) with equal integration was 
in itia lly  puzzling. The carbomethoxy moiety coordinated to rhodium should have a 
chemical shift quite different from the three remaining carbomethoxy groups, which 
would create two possibilities: two methoxy signals with a relative integration of 3 :1, 
or up to four signals with the appropriate relative integrations (i.e. 1:1:2 or 1:1:1:1). 
The observation of two singlets w ith a relative integration of 1:1 suggested the 
presence o f an equilibrium process, in solution, as shown in Scheme X V II.
M e O ;  0 2 M e  ^ e
M e O ; C MeO;C
Scheme XV II. Equilibrium of the Ester Coordination for the Rhodium Complex 144.
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To substantiate this hypothesis, a variable temperature NMR study was performed 
in CD2CI2. A t 190 K, there were two different 6 -pyridyl hydrogens observed, and the 
methoxy signal at S 3.72 (300 K) separated into two singlets. Figure 16 shows the 
VT NMR o f the aromatic region. The coalescence temperature (T^) for the 6 -pyridyl 
hydrogens is 220 K  and the energy difference of the two signals (AS) is 252.8 Hz, 
Using equations (1) and (2),^ *® the calculated exchange rate and free energy are k =
561.5 sec'* and AG^ = 10.0 kcal.
(1)
V2
AG* = (4.575 X  10'®) T , [9.972 + log(T^A8)] (2)
X-Ray S tructural Analysis
Complex 144 formed yellow crystals from CH2CI2’ which were suitable for X- 
ray analysis. The crystal data are as follows: RhClC22H24N20g, mol. wt. = 582.8; 
monoclinic space group P2,/n; a = 8.884(2) Â, b = 14.279(2) Â, c = 18.718(3) Â, 
3 = 97.47(2)“ , Z  = 4, d i^ed = 1.6443 g-cm'®, X = 0.71073 Â, n (M oK J = 8.760 
cm'*.
The structure was solved by heavy atom methods. Refinement was by weighted 
full-m atrix least squares based upon F with (O = o'^(FJ. A ll calculations were 
performed on an IBM  3033 computer using SHELX*®® and locally generated 
programs. The hydrogen atom positions were calculated with individually refined 
isotropic thermal parameters. A t convergence, R = 0.041 and R^ = 0.046 for 331 
variables. A final difference (AF) map showed residual peaks no longer than 1.6 e-A'®,
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and these were located near the rhodium atom position. Final coordinates are listed 
in Table XV. Bond distances and angles are given in Table X V I; hydrogen atom 
coordinates are given in Table X V II.
The central Rh atom is o  bonded with two carbon atoms and one chlorine atom 
and coordinated by two pyridine nitrogens and one ester carbonyl oxygen (Figure 17). 
The two pyridine nitrogens occupy the trans-axial positions o f a highly distorted 
octahedron. The pyridine nitrogens are not quite perfectly trans [N l-Rh-N2 angle = 
177.1(5)°]. The pyridine rings are nearly planar (Table X V III), and exhibit normal 
bond angles and bond distances (compared with analogous Pt*®’  and Pd*®^  complexes). 
The pyridine rings are not coplanar with each other (angle between least-squares 
planes o f 106.06°). Rhodium and the coordinating atoms C7, C18, 05, and C ll do 
not lie in a plane (Table X V III) and the equatorial coordination plane is distorted 
towards a tetrahedral arrangement.
The coordination o f an ester carbonyl creates several interesting structural 
features. Coordination o f an ester oxygen to the metal causes the expected changes 
in the bond lengths o f the ester moiety: the C=0 bond is longer than the average of 
the remaining carbonyls by 0.034 Â, while the C -0 bond is shorter than the average 
o f the remaining esters by 0.032 A. The resulting four-membered chelate ring creates 
bond angles that are considerably less than the ideal angles for the central atoms: 
C l8-Rh-05 angle = 65.3(2)°; Rh-05-C19 angle = 88.4(3)°; Cl9-C18-Rh angle = 
88.2(3)°; and 05-C19-C18 angle = 118.0(5)°. The 88.2(3)° angle about the sp^ carbon 
bonded to the metal accounts for the large observed upfield shift o f that carbon in the
NMR spectrum, since chemical shifts are very sensitive to hybridization.^® 
Table X IX  compares the bond lengths and bond angles o f the N-C chelate rings of 
144 and previously reported complexes with this ligand.
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Table XV. Atomic Coordinates and Equivalent Isotropic Thermal Parameters for 
RhClCzzHz^ N^Og.
Atom X Y Z U
Rh 0.10493(5) 0.20885(3) 0.17486(2) 0.262(1)
Cl 0.2881(2) 0.1186(1) 0.11879(9) 0.463(5)
01 0.4067(5) 0.3431(3) 0.1104(3) 0.485(16)
02 0.2257(5) 0.3095(4) 0.0206(2) 0.480(16)
03 -0.0310(7) 0.4675(3) 0.1185(3) 0.631(19)
04 -0.0576(6) 0.3494(3) 0.0415(2) 0.485(16)
05 0.0357(5) 0.0892(3) 0.2422(2) 0.387(13)
06 -0.1476(5) 0.1157(3) 0.3103(2) 0.457(15)
07 0.0284(6) 0.2962(3) 0.3499(2) 0.468(15)
08 -0.1286(6) 0.3874(3) 0.2768(2) 0.465(15)
N1 0.2734(5) 0.2448(3) 0.2518(3) 0.308(14)
N2 -0.0746(6) 0.1703(3) 0.1002(3) 0.317(15)
01 0.3543(8) 0.1831(5) 0.2954(4) 0.439(21)
02 •0.4725(8) 0.2109(5) 0.3471(4) 0.505(23)
03 0.5069(9) 0.3056(5) 0.3525(4) 0.596(26)
04 0.4263(9) 0.3678(5) 0.3068(4) 0.492(23)
05 0.3118(7) 0.3369(4) 0.2565(3) 0.334(18)
06 0.2128(7) 0.3979(4) 0.2051(3) 0.335(18)
07 0.1506(7) 0.3428(4) 0.1364(3) 0.326(17)
08 0.2760(7) 0.3310(4) 0.0887(3) 0.343(19)
09 0.3439(10) 0.2910(8) -0.0249(4) 0.698(33)
010 0.0127(8) 0.3927(4) 0.0989(3) 0.391(20)
O il -0.1905(9) 0.3928(6) 0.0037(4) 0.625(29)
012 -0.0605(8) 0.1230(5) 0.0387(3) 0.424(20)
013 -0.1850(9) 0.0919(5) -0.0054(4) 0.524(25)
014 -0.3276(9) 0.1103(5) 0.0112(4) 0.518(25)
015 -0.3423(7) 0.1600(5) 0.0733(3) 0.400(20)
016 -0.2142(7) 0.1901(4) 0.1158(3) 0.315(17)
017 -0.2197(7) 0.2489(4) 0.1810(3) 0.326(18)
018 -0.0734(7) 0.2394(4) 0.2339(3) 0.291(17)
019 -0.0587(6) 0.1415(4) 0.2639(3) 0.292(17)
020 -0.1248(10) 0.0211(5) 0.3406(5) 0.625(30)
021 -0.0497(7) 0.3088(4) 0.2940(3) 0.318(12)
022 -0.1089(10) 0.4625(5) 0.3301(5) 0.690(32)
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Table XVI. Bond Distances (À) and Angles (°) for RhClCziH^^N^Og (91).
Atoms Distance (Â) Atoms Distance (A) Atoms Distance (A)
Rh-Cl 2.421(2) 03-010 1.210(8) 05-06 1.496(8)
Rh-NI 2.004(5) 04-010 1.324(8) 06-07 1.547(8)
Rh-N2 2.056(5) 04-011 1.436(9) 07-08 1.526(9)
Rh-C7 2.101(6) 05-019 1.231(7) 07-010 1.509(8)
Rh-C18 2.091(6) 06-019 1.299(7) 012-013 1.365(10)
Rh-05 2.256(4) 06-020 1.469(8) 013-014 1.368(11)
N1-C1 1.344(8) 07-021 1.190(7) 014-015 1.381(10)
N1-C5 1.359(7) 08-021 1.341(7) 015-016 1.370(8)
N2-C12 1.353(8) 08-022 1.459(9) 016-017 1.485(8)
N2-C16 1.341(8) 01-02 1.390(9) 017-018 1.534(8)
01-C8 1.192(8) 02-03 1.386(10) 018-019 1.506(7)
02-C8 1.329(8) 03-04 1.370(10) 018-021 1.492(8)
02-09 1.460(10) 04-05 1.366(9)
Atoms Angle (“ ) Atoms Angle (“) Atoms Angle (°)
CI-Rh-NI 88.1(1) 01-02-03 117.9(6) 014-015-016 119.3(6)
Cl-Rh-N2 93.8(1) 02-03-04 119.7(7) N2-016-015 121.8(5)
Gl-Rh-C7 99.5(1) 03-04-05 120.2(6) N2-016-017 115.4(5)
Cl-Rh-C18 159.8(1) N1-05-04 121.0(5) 015-016-017 122.8(5)
Cl-Rh-05 95.0(1) N1-05-06 113.6(5) 016-017-018 111.5(5)
N1-Rh-N2 177.1(5) 04-05-06 125.3(5) Rh-018-017 108.2(4)
N1-Rh-C7 81.6(2) 05-06-07 110.8(4) Rh-018-019 88.2(3)
N1-Rh-C18 96.5(2) Rh-07-06 104.0(4) Rh-018-021 119.6(4)
N1-Rh-05 91.4(2) Rh-07-08 106.8(4) 017-018-019 110.3(4)
N2-Rh-C7 100.2(2) Rh-07-010 114.1(4) 017-018-021 117.0(5)
N2-Rh-C18 80.9(2) 06-07-08 109.5(5) 019-018-021 109.7(5)
N2-Rh-05 86.2(2) 06-07-010 109.1(5) 018-019-05 118.0(5)
C7-Rh-C18 100.7(2) 08-07-010 112.9(5) 018-019-06 118.8(5)
C7-Rh-05 163.7(2) 07-08-01 122.4(6) 05-019-06 123.2(5)
C18-Rh-05 65.3(2) 07-08-02 114.0(5) 018-021-07 125.3(5)
Rh-NI-01 124.0(4) 01-08-02 123.5(6) 018-021-08 110.9(5)
Rh-N1-05 116.9(4) 07-010-03 123.3(6) 07-021-08 123.8(5)
01-N1-05 119.0(5) 07-010-04 115.2(5) 08-02-09 115.0(5)
Rh-N2-012 124.3(4) 03-010-04 121.5(6) 010-04-011 118.0(5)
Rh-N2-016 116.8(4) N2-012-013 121.2(7) Rh-05-019 88.4(3)
012-N2-016 118.8(5) 012-013-014 120.1(7) 019-06-020 117.0(5)
N1-01-02 122.1(6) 013-014-015 118.7(6) 021-08-022 116.1(5)
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Table X V II. Hydrogen Coordinates and Isotropic Thermal Parameters for 
RhClCzzHz^NzOg.
Atom X Y Z U
HI 0.3267(8) 0.1096(4) 0.2901(4) 0.06(2)
H2 0.5356(8) 0.1604(5) 0.3820(4) 0.07(2)
H3 0.5969(10) 0.3301(5) 0.3925(4) 0.04(2)
H4 0.4533(9) 0.4415(5) 0.3106(4) 0.08(3)
H6A 0.1188(7) 0.4229(4) 0.2310(3) 0.04(2)
H6B 0.2784(7) 0.4568(4) 0.1902(3) 0.05(2)
H9A 0.2920(10) 0.2743(8) -0.0788(4) 0.33(13)
H9B 0.4125(10) 0.2327(8) -0.0032(4) 0.13(4)
H9C 0.4145(10) 0.3524(8) -0.0264(4) 0.21(7)
H11A -0.2350(9) 0.3497(6) -0.0416(4) 0.13(4)
HUB 0.1611(9) 0.4610(6) -0.0154(4) 0.09(3)
H11C -0.2753(9) 0.4005(6) 0.0397(4) 0.07(3)
H12 0.0513(8) 0.1095(4) 0.0243(3) 0.09(3)
H13 -0.1709(9) 0.0528(5) -0.0535(4) 0.13(4)
H14 -0.4268(9) 0.0863(5) -0.0236(4) 0.10(3)
H15 -0.4533(7) 0.1749(5) 0.0881(3) 0.08(3)
H17A -0.2341(7) 0.3212(4) 0.1648(3) 0.04(2)
H17B -0.3148(7) 0.2270(4) 0.2075(3) 0.04(2)
H20A -0.2054(10) 0.0086(5) 0.3780(5) 0.21(7)
H20B -0.0108(10) 0.0150(5) 0.3683(5) 0.07(3) '
H20C -0.1415(10) -0.0298(5) 0.2976(5) 0.06(2)
H22A -0.1774(10) 0.5219(5) 0.3106(4) 0.08(3)
H22B 0.0090(10) 0.4829(5) 0.3392(4) 0.11(4)
H22C -0.1440(10) 0.4381(5) 0.3801(4) 0.13(4)
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Table XVIII. Least Squares Planes for RhClC22H24N20g.
Plane Atoms [Distance from plane (Â)]
1 12 N1 C l 02 03 04 05
[0.0156] [-0.0069] [-0.0051] [0.0085] [-0.0001] [-0.0122]
2 11 N2 012 013 014 015 016
[-0.0145] [0.0088] [-0.0005] [-0.0024] [-0.0033] [-0,0118]
3 2637 Rh 01 05 07 018
[-0.0365] [-0.0697] [0.1253] [0.0959] [-0.1151]
4 30 Rh 05 018 019
[0.0063] [-0.0121] [-0.0107] [0.0165]
Angles Between Planes
Plane Plane Angle(°)
1 2 106.06
1 3 83.96
2 3 101.26
2 4 95.74
3 4 6.06
Equations for the planes in the form: A*x + B*y + C*z - 0  = 0.
Plane A B 0 D
1 -0.6459 0.1207 0.7538 2.1554
2 -0.0160 0.8554 -0.5177 1.0908
3 0.6881 0.2056 0.6958 3.4788
4 0.6647 0.3076 0.6808 3.6714
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C13.
Figure 17. Pluto Drawing of RhClCozHz^N^Og (144).
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Table XIX. Bond Distances (A) and Bond Angles (°) o f the Chelate Rings in the Cyclometallated Complexes 128, 142, 145, and 
144.
Bond Lengths (A)
128
... .,..2 
2.156(2) 1.522(4)
V. .p
1.498(4) 1.338(4) 2.040(3)
142 2.159(6) 1.548(8) 1.500(9) 1.376(8) 2.013(5)
2.142(6) 1.531(8) 1.474(9) 1.363(8) 2.021(5)
145 2.069(9) 1.50(1) 1.52(1) 1.32(1) 2.034(7)
2.061(9) 1.52(1) 1.48(1) 1.36(1) 1.996(7)
144 2.091(6) 1.534(8) 1.485(8) 1.341(8) 2.056(5)
2.101(6) 1.547(8) 1.496(8) 1.359(7) 2.004(5)
Bond Angles (°)
Complex N-M-0 M-C-GH, C-CH,-(2-pyC) CHp-C-N C-N-M
128 79.6(1) 100.3(2) 110.7(2) 114.2(2) 125.6(2)
142 80.6(2) 101.6(4) 109.8(5) 114.8(5) 115.1(4)
80.4(2) 101.3(4) 110.8(6) 114.5(6) 114.8(4)
145 80.2(3) 105.1(6) 109.1(8) 114.1(8) 115.5(6)
82.2(3) 105.4(6) 112.1(7) 113.7(8) 115.9(6)
144 81.6(2) 104.0(4) 110.8(4) 113.6(5) 116.9(4)
80.9(2) 108.2(4) 111.5(5) 115.4(5) 116.8(4)
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Coordination by Carbonyl Oxygen
The coordination o f a metal atom by a carbonyl oxygen has been reviewed; 
this type o f coordination is fa irly common with tin /^° but rare w ith transition 
metals.*''®’’ '** Carbonyl oxygen coordination has been observed w ith manganese,*®*'*®  ^
rhenium,*®^ iridium,*®'*’*®^ rhodium,*® '^*®"^  ruthenium,*®"*’*®^ and palladium.*®*’*®® The 
manganese and rhenium complexes (146-148) coordinate via ketone oxygens and are 
shown in Figure 18.
Mn(CO), 0------M(CO),
>0
P h , P — y ' „ ( c o ) j P p h j
0
1 46 1 47 M'Mn.## 146 M'Mm.B,
R*U« ,Ph
Figure 18. Complexes Possessing Ketone Oxygen Coordination,
Braunstein and co-workers*® '^*®® have studied the complexation o f functional 
phosphines, and have prepared ethyl (diphenylphosphino)acetate (149) o f nickel, iron, 
gold, platinum, palladium, rhodium, iridium  and ruthenium. In several o f these 
complexes the phosphinoester ligand was bidentate with coordination through 
phosphorus and the ester carbonyl oxygen (see Figure 19).
Infrared spectra o f the rhodium (150 and 151) and iridium  (152) complexes*®  ^
indicated that one o f the phosphinoester ligands was bidentate. The phosphinoester 
149 has a single carbonyl stretch at 1728 cm'*, while the bidentate complexes each 
showed two caibonyl stretches (Figure 19) (ca. 1717-1733 cm * and ca. 1598-1642 
cm'*). Variable temperature *H and **P NMR studies indicated stereodynamic behavior 
fo r the rhodium complexes 150 and 151, without Rh-P bond cleavage; no 
concentration dependent spectral changes were observed, which suggested the 
intramolecular process as shown in Scheme X V III. No stereodynamic behavior was 
observed for the iridium  complex 152. The activation energy for the stereodynamic
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Figure 19. Complexes Possessing Ester Carbonyl Oxygen Coordination.
process was calculated from the VT NMR data: AG* = 15.4 kcal for 150, and AG* 
= 16 kcal for 151. The studies o f phosphinoester 149 were extended to include Ru(II)
Ph
\ / P h  
X""// J . V»'"*’
: a . .D E I
Ph^PCHjCOjE t
!
dL c H 2 C 0 2 E 1
/O C 1
Ph2P OE t c/ V VC I
1 5  0  x - c  I . 6 C  ^ -  15 . 4  k c a l / m e  I 
1 5 1  X - B r .  AC^ -  16 k e o l / m o l
1 5 3  P 0 ■ P ( P h ) , C H ; C ( O C t ) . 0
AC • 1 3 . 3  k e 0  I / mo I
Scheme X V III Equilibrium Process Proposed for Rhodium and Ruthenium Complexes of Ethyl 
(Diphenyphosphino)acetate (141).
with the preparation o f complex 153,*®® which also exhibited dynamic behavior. 
Removal o f a chloride from 150 gave the bis-P-0 chelate 157; unlike 150, the bis- 
chelate 157 exhibited no dynamic behavior on the NMR time scale and only one 
v(C=0) stretch (1622 cm'*).*®®
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In later work, Braunstein and co-workers*^® prepared several palladium complexes 
with the phosphinoester 149. Ester carbonyl coordination in the complexes 154 and 
155 was indicated by a shift o f the carbonyl stretch upon P-0 chelate formation (from 
1733 to 1651 cm * for 154, and from 1711 to 1628 cm * for 155). Braunstein, et 
subsequently reported the preparation o f the Jij-OH bridged complex 156. 
Coordination of the ester carbonyl oxygen was accompanied by a shift o f v(C=0) 
(1672 to 1633 cm'*), and an increase of the C=0 bond length (single crystal X-ray 
determination) from 1.15(2) to 1.23(2) Â. No dynamic behavior was observed for any 
of the palladium complexes.
The infrared spectrum o f the ligand 127 has only one carbonyl stretch (1765 
cm'*), while the complex 144 has carbonyl stretches at 1621 and 1709 cm *. The shift 
o f the C=0 stretching frequency upon coordination to 1621 cm * is in good agreement 
with the C=0 stretching frequencies reported for the complexes discussed above. The 
dynamic equilibrium observed for 144 has an activation energy o f AG^ = 10.0 
kcal/mole which shows good agreement with the values reported for the rhodium and 
ruthenium complexes discussed above.
Experimental Section
General Comments are given in Chapter 2 (page 50).
X-ray. Single crystal data were collected by Dr. Frank R. Fronczek o f Louisiana 
State University. A small yellow crystal 0.40 x  0.13 x  0.10 mm was used for data
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collection at T = 20 °C. The X-ray single crystal data were obtained on an Enraf- 
Nonius CAD4 diffractometer equipped with MoKj^ radiation (À = 0.71073 Â) and a 
graphite monochromator employing (i)-20 scans o f variable speed (1.33-4.00 deg min" 
')  in order to measure all significant data with I-25o(I). Data reductions included 
corrections for background, Lorentz, and polarization effects, as well as an empirical 
absoiption correction based upon Y  scans o f reflections near % = 90°; absences were 
deleted and redundant data were averaged. The minimum relative transmission 
coefficient was 77.72%. O f 3574 unique data measured 2821 had I  > 3o(I) and were 
used in the refinement.
M ethyl 3-(2-Pyridyl)-2>carboinethoxypropanoate (127) was prepared as 
previously d e s c r ib e d : ‘H NMR S 3.39 (d, C/Zj, J = 7.3 Hz, 2 H), 3.67 (s, OC//3, 
6  H), 4.18 (t, C /I, J = 7.3 Hz, 1 H), 7.09 (dd, 5-pyff, = 4.3 Hz, 1 H), 7.19 (d, 
3-pyZZ, J 3 .4 = 7.9 Hz, 1 H), 7.57(dd, 4-pyiZ, 7 .^, = J45 = 7.9 Hz, 1 H), 8.46(d, 6 - 
pyH, = 4.3 Hz, 1 H); NMR S 3 5 .7 (a-CH2), 49.9 (CH), 51.7 (OCH3), 121.0 
(5-pyC), 122.7 (3-pyC), 135.7 (4-pyQ, 148.6 (6 -pyC), 157.0 (2-pyC), 168.8 (C=0).
Z>-Chloro-adc-(methyl 3-(2-pyridyl)-2-carbom ethoxypropanoate-lV ,C ,0)-c/- 
(methyl 3-(2-pyridyl)-2-carbomethoxypropanoate-C7V)rhodmm (144). A stirred 
DMF solution o f ligand 127 (145 mg, 0.65 mmol) and RhCl3 3H2O (45 mg, 0.17 
mmol) was heated to 80 °C for 6  h under N2. Anhydrous K2CO3 (200 mg) was added 
and the mixture stirred for an additional 15 h at 80 °C. The cooled reaction was 
filtered through celite and evaporated in vacuo to afford a yellow-orange paste. 
Purification by dry flash column chromatography (CH2Cl2-EtAc, 9:1)^°^ gave (74%) 
complex 144: 74 mg; mp >220 °C (dec); *H NMR Ô 2.97 (d, €77,%, V  = 18.2 Hz, 
2 H), 3.18 (s, 0 0 % , 6  H), 3.69 (d, CH^TZy, V  = 18.2 Hz, 2 H), 3.72 (s, 0 0 % , 6 
H), 7.18 (dd, 5-py/Z, = 7.8 Hz, = 5.4 Hz, 2 H), 7.30 (d, 3-pyZ7, 7,,, = 7.8 Hz,
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2H), 7.64 (ddd, 4-pyi/, = 7.8 Hz, = 1.7 Hz, 2 H), 9.02 (dd, 6 -py^,
= 5.4 Hz, = 1.7 Hz, 2 H); NMR 5 31.1 (RhC, % ,c = 26.0 Hz), 43.6 (OCH3), 
51.3 (pyCHj), 52.4 (OCH3), 120.9 (pyC-3), 121.9 (pyC-5), 137.2 (pyC-4), 152.4 (pyC- 
6 ), 167.6 (pyC-2), 175.4 (C=0, = 2 Hz), 181.6 (C=0, = 4 Hz); IR (neat);
1614, 1621 (coordinated ester C=0), 1709 (C=0) cm'*; IR (CHCI3): 1615, 1625 
(coordinated ester C=0), 1712 (C=0) cm *.
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Chapter 7. Summary and Conclusions.
A new class of specifically shaped, highly branched molecules was prepared 
where the branches emanate from tetrahedral carbons. This class o f molecules has 
been named arborols because o f their topological sim ilarity to the "Leeuwenberg" 
model fo r tropical trees. The arborols were synthesized a layer (or tier) at a time to 
generate cascade spheres, where the number o f terminal groups per sphere increases 
exponentially. In itia lly, molecules possessing a single cascade sphere attached to 
simple hydrocarbon chains were prepared to define the necessary synthetic methods 
and provide proof-of-concept. The major obstacle o f continued cascade growth by the 
synthesis of additional tiers (layers) is the d ifficu lty of nucleophilic substitution on a 
neopentyl halide; however, this problem can be circumvented by the incorporation of 
extender groups, either via a synthetic step in the cascade synthesis or by the 
preparation o f extended branching moieties, where there are two or more atoms 
between the quaternary carbon (the branch point) and the leaving group.
Several series o f dumbbell shaped, two-directional [m]-n-[/n] arborols were 
prepared, where two cascade spheres are connected via a hydrocarbon backbone of 
varying length (3 to 13 carbons). The molecules were named [m]-/j-[m ] arborols, 
where m denotes the number o f terminal hydroxyl moieties, and n denotes the length 
o f the hydrocarbon backbone. Several o f these arborols (m = 6 ; 8 < n < 13; m = 9: 
10 < n < 13) formed aqueous gels at concentrations o f ca. 0.3-10% by formation of 
rod-shaped aggregates. Gel formation was determined to be a function o f cascade 
sphere size and chain length.
The [9]-n-[9] arborols were prepared via a simple two-step procedure. Uniquely, 
(within this series) only those molecules possessing 10 to 13 methylenes between 
cascade spheres formed aqueous gels at concentrations o f ca. 0.3-10%. Optical and 
transmission electron microscopic examination o f these gels revealed needle-shaped
161
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aggregates with a cross-sectional diameter o f ca. 35 A; this uniform dimension for 
all the fibers suggested that the dumbbell shaped arborols "stack" in a criss-cross 
fashion. This packing arrangement requires a minimum chain length, which is 
dependent upon the diameter o f the cascade spheres. Thus, smaller cascade spheres 
should allow gelation with shorter hydrocarbon bridges. This postulate was confirmed 
by the synthesis o f the [6 ]-n -[6 ] arborols, where each sphere possessed six hydroxyl 
moieties. As expected, gel formation was observed with shorter bridges, i.e. with 
molecules containing 8 to 13 methylenes between the cascade spheres. As mentioned 
earlier, the gel forming arborols have many potential uses. Incorporation of 
functionalized (e.g., alkenyl, alkynyl, or diynyl) bridges may provide further insight 
and verification of the proposed stacking arrangement, and should permit 
polymerization o f the aggregate.
The generalized cascade sphere synthesis utilized for the synthesis of the two- 
directional arborols was applied to benzyl halide moieties. A three-directional arborol 
possessing a central benzene core was prepared. The three symmetrically placed 
spheres formed a tiiad, which was readily visualized via transmission electron 
microscopy; the aggregation properties o f aqueous solutions o f this arborol were 
studied by dynamic light scattering. The synthetic procedure was then used to modify „ 
commercially available poly(vinylbenzylchloride) to demonstrate the potential for 
polymer modification.
Triethyl methanetricarboxylate was utilized as a malonate equivalent to permit the 
preparation o f a series o f 6w(thioether) tetradentate ligands, which would be d ifficu lt 
to prepare by other means. Preliminary attempts to prepare the cyclometalated Pd(II) 
complexes o f these new ligands failed.
The synthesis and X-ray crystal stnicture analysis o f a cyclometalated Rh(III) 
complex o f methyl 3-(2-pyridyl)-2-caibomethoxypropanoate revealed the presence of
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a metal-carbonyl oxygen bond. Coordination of a transition metal by caibonyl oxygen 
is rather rare. Variable temperature NMR spectra indicated the presence o f an 
equilibrium process, where an ester carbonyl from one ligand displaces the 
coordinated ester carbonyl o f the other ligand. The observed exchange rate and free 
energy values were in agreement with results previously reported for ethyl 
(diphenylphosphino)acetate complexes o f Rh(III) and Ru(II). In addition, the two 
observed carbonyl stretches in the IR spectra o f 6 -Chloro-a<fg-(methyl 3-(2-pyridyl)- 
2-carbomethoxypropanoate-A^,C,C>)-c/-(methyl 3-(2-pyridyl)-2-carbomethoxypropanoate- 
C,V)rhodium are also indicative of the presence o f free and coordinated ester 
carbonyls.
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